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Bacterial Protein Toxins 

Bacterial toxins that act inside cells interact very specifically with key compo- 
nents of the cell, and some even manipulate the cell in subtle ways for their 
own purposes. These potent toxins, described in this book, will be of interest 
to both microbiologists and cell biologists. Some of these toxins are conven- 
tional multidomain toxins that are self-programmed to enter cells. Others are 
delivered by type III mechanisms, often as a package of potent molecules. 
The molecular targets for all these toxins mediate signal transduction and 
the cell cycle to regulate the crucial processes of cell growth, cell division, 
and differentiation. Thus, these potent toxins are not only responsible for 
disease but also provide a powerful set of tools with which to interrogate 
the biology of the cell. In addition, such toxins may act directly to promote 
carcinogenesis and, hence, their study is also of interest in a wider context. 

alistair J lax is Professor of Cellular Microbiology at King's College 
London, where he is Head of the Department of Microbiology within the 
Dental Institute. His research focuses on the novel mitogenic toxin of Pas- 
teurella multocida, which activates several signalling pathways in the cell. He 
coauthored Cellular Microbiology, the first textbook on the subject, in 1999. 



Over the past decade, the rapid development of an array of techniques in 
the fields of cellular and molecular biology has transformed whole areas of 
research across the biological sciences. Microbiology has perhaps been influ- 
enced most of all. Our understanding of microbial diversity and evolutionary 
biology, and of how pathogenic bacteria and viruses interact with their animal 
and plant hosts at the molecular level, for example, has been revolutionized. 
Perhaps the most exciting recent advance in microbiology has been the de- 
velopment of the interface discipline of cellular microbiology, a fusion of 
classic microbiology, microbial molecular biology, and eukaryotic cellular 
and molecular biology. Cellular microbiology is revealing how pathogenic 
bacteria interact with host cells in what is turning out to be a complex evo- 
lutionary battle of competing gene products. Molecular and cellular biology 
>- are no longer discrete subject areas but vital tools and an integrated part 
O °f current microbiological research. As part of this revolution in molecular 
O biology, the genomes of a growing number of pathogenic and model bac- 
CQ teria have been fully sequenced, with immense implications for our future 
/v understanding of microorganisms at the molecular level. 
_ Advances in Molecular and Cellular Microbiology is a series edited by re- 

*- searchers active in these exciting and rapidly expanding fields. Each volume 
■^ will focus on a particular aspect of cellular or molecular microbiology, and 
^ will provide an overview of the area, as well as examining current research. 
— i This series will enable graduate students and researchers to keep up with the 
<w> rapidly diversifying literature in current microbiological research. 
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Preface 



Many bacteria and higher eukaryotes live in harmony in a symbiotic relation- 
ship that benefits one or both of the partners. Indeed, we are colonised by 
bacterial cells which outnumber our own cells ten to one. This amicable bac- 
terial lifestyle contrasts with a pathogenic one, in which the bacterium causes 
damage to its host. This is a potentially dangerous strategy for a bacterium, 
because the provoked host is capable of fighting back. A pathogenic lifestyle 
offers short-term gain. By outcompeting other bacteria within its host, the 
bacterium can achieve local dominance and, by more widespread colonisa- 
tion, expand its territory more globally. However, evolution has to balance 
these advantages against the possibility that the bacterium is eliminated. The 
latter could occur if the bacterium is too weak to prevent its destruction by 
the strong host defences it has incited or if its potent virulence wipes out the 
host and, thus, its source of food. 

As pathogenicity appears to be such a risky business, it may be an abnor- 
mal condition. Evidence to support this view comes from several lines. First, 
many of the genes involved in virulence appear to be relatively new - that 
is, new to the organism made pathogenic by their presence. These genes are 
frequently found on mobile genetic elements such as plasmids, phage, and 
pathogenicity islands that have recently been acquired by the organism. Sec- 
ondly, it is thought that many severe diseases begin with ferocious virulence 
which later abates - mainly as a result of reduced pathogenicity - thereby 
suggesting that pathogenicity is not such a good strategy after all. 

Several types of genes lead to pathogenicity. Bacterial adhesion, the topic 
of the first book in this series, is the first step a pathogen has to take. However, 
by itself adhesion does not promote disease: commensal bacteria adhere 
without causing tissue damage. The main route to bacterial disease is driven 
by bacterial toxins that specifically attack host cell function. Those toxins 



that act inside cells fall into two groups: the classical multidomain toxins 
and toxins that bacteria inject directly into cells. The latter are also called 
effector proteins. In each case, these toxins modify important cell functions. 
Because signalling mechanisms and the regulation of the cell cycle are key to 
a cell's continued existence, it is not surprising that these components have 
been targeted by toxins. Equally, it is not surprising that perturbation of these 
cellular systems frequently leads to aberrant regulation of cell growth. 

This book describes toxins that interfere with the regulation of cell 
growth. Our perspective concerns not just the toxin, but also the cell and the 
whole organism. Several of the chapters describe the molecular interactions 
of toxins with their host target, whereas for other toxins these mechanisms 
are not yet clear. We have also included bacteria for which the precise effects 
on cell growth have not yet been ascribed to toxin action, on the premise 
that toxins are likely to be responsible. The relationship between the bacterial 
perturbation of cell growth and cancer is examined specifically for Helicobac- 
ter pylori, where various molecular mechanisms have been suggested and, 
generally, where the evidence is still at the epidemiological stage. 

We hope that the reader will gain an understanding of these potent 
molecules and appreciate how their study not only illuminates infectious 
disease but also opens doors into exciting aspects of cell biology. 



CHAPTER 1 

Toxins and the interaction between bacterium 
and host 

Alistair J Lax 



The concept of a bacterial protein toxin was born in the 1880s as Friedrich 
Loeffler in Berlin, and Emile Roux and Alexandre Yersin in Paris, puzzled 
over the disease diphtheria. The bacteria were localised in the throats of pa- 
tients and experimental animals, yet the disease caused systemic damage 
throughout the body. They reasoned that the bacteria must be producing a 
poison that could escape from the bacteria to cause widespread damage to 
the host. So the toxin concept was established right at the start of Medical 
Microbiology (Roux and Yersin, 1888), only a decade after Robert Koch had 
established the first definite link between a bacterium and disease with his 
seminal work on anthrax. However, it was only from the mid-twentieth cen- 
tury onwards that the action of any toxin was understood at the molecular 
level. Since then progress has been rapid, not only in our appreciation of the 
mode of action of historically known toxins but also in the discovery of new 
toxins with novel means of attacking cells. 

CLASSES OF BACTERIAL PROTEIN TOXINS 

The first toxin to be understood at the molecular level was one from Clostrid- 
ium perfringens, a bacterium notorious for causing wound infections such as 
gas gangrene. This toxin is a phospholipase that attacks membranes of cells 
and, thus, it defined one of the three main categories of toxins, i.e., those 
that attack membranes (MacFarlane and Knight, 1941). The other group of 
toxins that attacks membranes contains the large number of toxins that in- 
sert into membranes to form pores - the pore-forming toxins. It is easy to 
envisage how these can damage the host cell, although it now transpires 
that the mode of action of these toxins is more complicated than was first 
thought. 



Toxins of the second major category of toxins act on the cell surface and 
mimic the action of normal signalling molecules. These toxins are typified 
by the stable toxin (STa) from Escherichia coll. STa is a 19-amino acid peptide 
that mimics a natural hormone, guanylin, and binds tightly to its receptor 
in the intestine. This action chronically activates guanylate cyclase activity 
leading to raised cyclic GMP concentration in the cell and ultimately water 
exchange into the lumen of the gut and thus diarrhoea (Vaandrager et al., 
1992). 

Toxins of the third category of toxins enter the cell. The intracellu- 
larly acting toxins include such infamous toxins as cholera, diphtheria, and 
botulinum toxins. All of these attack key targets that are major players in the 
organisation of the cell and its ability to carry out its normal functions. Each 
is highly specific and interacts with only one target, or a highly related class 
of target. Toxins gain entry into the cell in one of two ways. The classical 
toxins, those that are released from the bacterium, are multidomain proteins 
that often comprise several subunits. Such toxins have to carry out three un- 
related functions (Montecucco et al., 1994). First, they bind to the cell via 
a receptor to promote uptake into a membrane-bound vesicle. Second, the 
toxin, or part of it, has to cross the membrane into the cytosol. Finally, the 
toxin has to interact with the target. For all such toxins identified to date this 
interaction is an enzymatic one. This is one factor responsible for the ex- 
treme potency of these molecules. For example, one molecule of diphtheria 
toxin is sufficient to kill a cell (Yamaizumi et al., 1978). The other factor that 
makes these molecules so potent is target selection. Without exception such 
toxins modify and perturb proteins or processes in the cell that are crucial for 
its normal function. 

Within the last decade or so, a new type of intracellularly acting toxin has 
been identified. These are generally called effector molecules, although it 
also seems entirely reasonable to refer to them as toxins. These are delivered 
directly into the cell by the bacterium, which makes a complex injection 
machine that forms a selective pore that crosses the two membranes of the 
bacterium and the membrane of the cell (Cornells and Van Gijsegem, 2000). 
There are two slightly different delivery mechanisms that reflect the origin 
and evolution of these systems; they are referred to as either type III secretion 
systems (TTSS) or type IV secretion systems (TFSS). Much less is know about 
type IV secretion systems; in particular, very few of the effectors have been 
isolated so far (Ding et al, 2003). 

Many bacteria inject toxic factors by TTS S , and it is generally the case that 
each bacterium delivers not one, but a cocktail of several effector proteins into 
the cell. Each of these toxin effectors has a different but key cellular target. 



The discovery of these toxins solved the conundrum of how some of the 
deadliest bacteria, like Yersinia, Shigella, and Salmonella, were such potent 
pathogens, although they did not appear to produce classical toxins. Some of 
the effector toxins are enzymes like the classical intracellular acting toxins, but 
some mimic normal signalling molecules and bind to signalling molecules 
to affect their function in a transient manner. 



TOXINS THAT MODULATE CELL FUNCTION 

The traditional view of a toxin was that of a molecule that caused cellular 

damage and death at both the cellular and whole-animal level. While this is 

clearly true for some toxins, such as diphtheria toxin, a picture of toxin action 

is now emerging in which many toxins act on the signalling mechanisms in 

the cell in order to take over control of the cell rather than j ust kill it. This much o 

more subtle tactic enables a pathogen to build a suitable environment for its 3 

survival and reproduction. With some bacteria, the preferred environment is h 

intracellular, while other bacteria prefer to avoid phagocytosis. £ 

> 
The background knowledge necessary to understand the mode of action Q 

of many of the toxins described in this book has only recently become avail- 
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able, as cell biologists have unravelled the intricate signalling pathways that 2 
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regulate the cell. Toxin science has greatly aided the advance of cell biol- § 

ogy because of the great precision of intracellular acting toxins to pick out h 

a limited set of molecular targets. All the targets chosen by these toxins are § 

important proteins, the majority of which are involved in signalling, while H 

some toxins appear to directly target the cell cycle. The high selectivity and 
precision of toxin action has in many cases led directly to the identification 
of signalling proteins and, furthermore, provides a set of valuable reagents 
for further analysis of these signalling molecules. Indeed, bacterial protein 
toxins are often referred to as the "cell biologist's toolkit." Toxins such as 
pertussis toxin and C3 toxin are routinely used by cell biologists to assess the 
involvement of their targets, the heterotrimeric G-protein Gi and the small 
G-protein Rho, respectively, in a particular process (Fiorentini et al., 1998; 
Albert and Robillard, 2002). 

It has sometimes been difficult to reconcile the apparently sophisticated 
action of toxins with their role in disease. The general principle remains 
that any gene that conveys a competitive advantage to the bacterium will 
thrive, and it is clear that toxins that affect signalling pathways can aid the 
colonisation and establishment of the bacteria that express them in a number 
of ways. By killing cells, they can release a rich source of nutrients for the 
bacterium. In some cases, the toxin aids dissemination of the bacteria, such 



as with cholera. An increasing number of toxins are seen to target cells of the 
immune system, in particular those involved in innate immunity - the first 
line of defence against invading pathogens (Guldi-Rontani and Mock, 2002). 

While the role of these toxins from the bacterial viewpoint is to aid coloni- 
sation of a human or animal host, the perturbation of host cell signalling can 
lead to various different outcomes at the cellular level that are dependent 
on both the cell type and signalling pathway affected. For example, toxins 
that affect proteins of the Rho family can affect the ability of the intoxicated 
cell to move (Oxford and Theodorescu, 2003). Some toxins can influence dif- 
ferentiation because that process is also controlled by signalling pathways. 
Similarly, signal transduction that is normally initiated by extracellular reg- 
ulators that bind to cell surface receptors is intimately involved in the choice 
between apoptosis and cell growth and division, so it is not surprising that 
some of the toxins that interfere with signalling can affect that process as 
well. As a result, some toxins can induce or inhibit apoptosis, and at least one 
toxin is a potent mitogen. 

The cellular signalling system has been honed by evolution over many 
years. The ability of the bacterium and its toxins to meddle with this finely 
tuned system that meticulously regulates cell function may carry dangers. 
Toxins that stimulate growth or apoptosis or inhibit differentiation in many 
ways behave like tumour promoters or inhibitors of tumour suppression 
(Lax and Thomas, 2002). This is of particular concern for chronic infections. 
The possible role of bacteria in carcinogenesis has a long and controver- 
sial history that began shortly after the linkage between bacteria and dis- 
ease was established. There were numerous reports of the appearance of 
bacteria in tumours from the beginning of the twentieth century onwards. 
Many of these reports were not published in peer-reviewed journals and they 
were widely discounted by the mainstream scientific community at the time. 
Neither the longevity of the carcinogenic process nor the different stages 
of initiation, promotion, and progression were properly understood at that 
time, and this hampered a proper assessment of a possible bacterial role in 
cancer. 

The discovery that Helicobacter pylori was involved not just in gastric 
ulceration but also in carcinogenesis forced a re-evaluation of the likely 
role of bacteria in this process (Parsonnet et al., 1991). It has recently be- 
come clear that other bacteria also affect cancer, most notably Salmonella 
typhi in people who become carriers and who, thus, are chronically infected 
with this bacterium. However, many controversies remain. In particular, the 
mechanism - or mechanisms - responsible are still being debated. Some 
scientists view prolonged inflammation caused by chronic infection as being 



the main contributing factor to carcinogenesis. However, others suggest more 
specific and direct effects may be implicated given the close similarities be- 
tween the action of some toxins and tumour promoters, although there is 
currently no evidence that they have this role. Parallel work with viruses has 
shown that some viral infections predispose towards cancer, and the molec- 
ular mechanisms here are more clearly understood. Clearly, there is much 
more to be learned about the role of bacteria in cancer. 

The chapters in this book cover not only toxins that explicitly disturb 
signalling pathways but also bacteria that impinge on cellular function in a 
similar manner. It is likely that these may well be found to express specific 
factors that explain these effects. In addition, the likely role of bacteria in the 
processes of carcinogenesis is discussed. 
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CHAPTER 2 

The mitogenic Pasteurella multocida toxin and 
cellular signalling 

Gillian D Pullinger 



The Pasteurella multocida toxin (PMT) is produced by some type A and D 
strains of the Gram-negative bacterium Pasteurella multocida. These bacteria 
cause several animal infections and can occasionally cause human disease. 
PMT is the major virulence factor associated with porcine atrophic rhinitis, 
a non-fatal respiratory infection characterised by loss of the nasal turbinate 
bones and a twisting or shortening of the snout. However, PMT is highly toxic 
to animals, being lethal to mice at similar concentrations to diphtheria toxin. 
Despite these toxic properties, it turns out that PMT has unexpected effects 
on cells in culture leading to perturbation of several signalling pathways. The 
consequence of this action is that PMT can affect the regulation of cell growth 
and differentiation. 

PMT IS A MITOGEN 

The cellular effects of PMT have been most widely studied on Swiss 3T3 
cells, a mouse fibroblast cell line. These cells are useful for studying growth 
factors since they are contact-inhibited and are readily quiesced by growing 
to confluence and allowing the cells to deplete the medium of growth fac- 
tors. Rozengurt et al. (1990) first showed that PMT caused quiescent Swiss 
3T3 cells to recommence DNA synthesis. The toxin is highly potent, induc- 
ing maximal DNA synthesis at only 1.25 ng/ml (or about 2 pM). This is 
equivalent to the DNA synthesis induced by 10% foetal bovine serum. Thus, 
PMT is more mitogenic for this cell type than any known growth factor (Fig- 
ure 2.1, top panel). PMT also induces quiesced Swiss 3T3 cells to reinitiate 
proliferation (Figure 2.1, lower panel). The cells lose their density-dependent 
growth inhibition in the presence of 10 ng/ml toxin, and more than double in 
number by 4 days after addition of toxin to confluent monolayers. Addition 




Figure 2.1. PMT is a mitogen for Swiss 3T3 cells. Top panel: relative mitogenicity of PMT 
(•), platelet derived growth factor (PDGF) (■) and bombesin (A); lower panel: cell 
proliferation induced by 48 h PMT treatment: a, untreated cells; b, PMT treated cells. (See 
color section.) 
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of PMT to subconfluent cells resulted in a striking proliferation of cells; the 
final saturation density increased 6-fold after treatment for 11 days. Thus 
the toxin induces more than one cycle of cell division. Furthermore, when 
quiescent cells were incubated for 24 h with 10 ng/ml PMT then trypsinised, 
washed, and replated in the absence of toxin, the subsequent growth of PMT- 
pretreated cells was markedly enhanced. 

PMT is a mitogen for a number of other mesenchymal cells. Several 
murine cells lines including BALB/c 3T3, NIH 3T3, or 3T6 cells respond to 
PMT with a striking increase in cell growth. It is also mitogenic for tertiary 
cultures of mouse embryo cells and human fibroblasts (Rozengurt et al., 
1990) and for primary embryonic chick osteoblasts (Mullan and Lax, 1996). 

However, PMT does not appear to be a mitogen for certain cell types, 
such as embryonic bovine lung (EBL) or Vero cells. PMT affects the morphol- 
ogy of these cells, in particular causing cell rounding. This outcome has been a 
regarded as a cytopathic or cytotoxic effect (Rutter and Luther, 1984; Pettit g 
et al., 1993). However, it has been demonstrated that Vero cells treated with g 
toxin remain viable by trypan blue exclusion assay, although they do not un- g 
dergo DNA synthesis or proliferation (Wilson et al., 2000). The consequences £ 
of PMT treatment are therefore dependent on cell type. § 

I 

a 

PMT ACTS INTRACELLULARLY & 

H 
O 
X 

There is considerable evidence that PMT is an intracellularly acting toxin. g 

Typically, such toxins bind to a specific cell-surface receptor, and are taken 
up into cells by receptor-mediated endocytosis. This is followed by penetration 
through the membrane of the vesicle into the cell cytoplasm where the toxin 
interacts with a specific target protein. Many bacterial toxins studied to date 
target and enzymatically modify proteins with key roles in cellular functions 
such as cell-signalling and growth. 

There is a lag period of at least an hour between application of PMT to cells 
and the onset of a cellular response (Rozengurt et al., 1990). This contrasts 
with receptor-acting growth factors whose mitogenic effects are seen within 
minutes. The longer lag is thought to be due to the requirement for toxin 
internalisation. Methylamine, an agent that increases endosomal and lyso- 
somal pH and thereby inhibits receptor-mediated endocytosis, completely 
blocked the induction of DNA synthesis by PMT. Similarly, a neutralising 
antibody specific for PMT blocked the effect of the toxin when added shortly 
after toxin application, but was ineffective when added at 3 h. Finally, tran- 
sient exposure of cells to PMT followed by extensive washing and incubation 







in toxin-free medium was sufficient to induce DNA synthesis. These experi- 
ments demonstrated that PMT acts intracellularly. 

Binding and internalisation of PMT has been visualised by labelling pu- 
rified toxin with colloidal gold (Pettitetal., 1993). Within 1 minute of addition 
of labelled PMT to Vero or osteosarcoma cells, gold-PMT particles were ob- 
served adhering to plasma membranes and in flask-shaped invaginations of 
the membrane. This binding was to a specific receptor, since it could be com- 
peted out by excess unlabelled toxin. After several minutes, the particles could 
be seen mainly in non-coated pits and in endocytic vesicles. The particles were 
not seen in vesicles deeper than 500 nm into the cytosol even after several 
hours. We have used PMT mutated in the catalytic domain in competition 
assays with wild-type toxin to demonstrate specific saturable binding with a 
Kdof 1.5 nM (Pullingeretal., 2001). The membrane receptor for PMT has not 
yet been identified, although binding of gold-labelled PMT was inhibited by 
g mixed gangliosides (Pettit et al., 1993). Similarly, preincubation of PMT with 

g gangliosides GMi, GM 2 or GM 3 counteracted its effect on DNA synthesis 

a (Dudet et al., 1996), suggesting that the receptor might be a ganglioside. 

< The translocation of toxins across membranes into the cytosol often in- 

ti volves a low pH processing step. For example, some toxins are proteolytically 

cleaved in endosomes before the catalytic fragment can be translocated into 
the cytosol (Olsnes et al., 1993). The finding that PMT action is blocked by 
the weak base methylamine suggests that PMT may enter the cytosol from 
an acidic compartment, such as an endosome or lysosome. PMT is highly 
resistant to proteolysis at neutral pH but becomes susceptible to a number 
of proteases at pH 5.5 and below, indicating that a conformational change 
occurs at this pH (Smyth et al., 1995). This was supported experimentally by 
transverse urea gradient gels and analysis of the circular dichroism profiles, 
each of which showed a transition in PMT structure at about this pH (Smyth 
et al., 1999). It is not yet known if PMT is cleaved by proteases in vivo. 

PMT AFFECTS SEVERAL SIGNALLING PATHWAYS 

PMT modifies cellular function by activating a number of cell signalling 
pathways. Intracellular toxins such as PMT act by subverting these signalling 
processes. Typically, they physically interact with and modify a specific sig- 
nalling protein or group of related proteins and either activate or inactivate 
them. The effects are often long-lasting since the active components of tox- 
ins are enzymes. This contrasts with the normal transient activation of cell 
signalling pathways by receptor-acting growth factors. Thus, the cellular out- 
come of toxin action may be unusual. 
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Figure 2.2. Summary of signalling pathways activated by PMT. See text for abbreviations. 

PMT has been shown to activate three major signalling pathways (see 
Figure 2.2). It activates phospholipase C-/3, which results in an increase in 
diacylglycerol, leading to activation of protein kinase C and increased pro- 
duction of inositol 1,4,5-trisphosphate (IP3). The activation of this pathway is 
dependent on the heterotrimeric G-protein G q . In addition, PMT activates the 
small GTPase, RhoA, an important protein involved in the regulation of the 
cytoskeleton and cell growth. Finally, PMT activates the mitogen-activated 
protein kinase pathway. These signalling pathways are each introduced in 
the following subsections, and the evidence for their modulation by PMT is 
discussed. 



PMT Activates the G q /Phospholipase C-/S1 Pathway 

The heterotrimeric guanine nucleotide binding proteins (G-proteins) are 
membrane-bound proteins that are composed of three subunits, a, /3, and y . 
They serve to transduce signals resulting from the binding of an agonist to its 
receptor on the cell surface to intracellular effector molecules (for reviews, see 
Gilman, 1987; Neer, 1995; Sprang, 1997). On the basis of sequence similarity 
the Gee subunits have been grouped into 4 classes (G s , Gi, G q , and G 12 ). The 







activity of G-proteins is regulated by cycles of guanine nucleotide exchange 
on the Ga subunit and dissociation/association into Go' and G/3y subunits. 
Specificity in the system is accomplished in several ways. Certain G-protein 
coupled receptors (GPCRs) functionally interact with only a specific subset 
of G-proteins. There is also specificity between certain G-proteins and their 
effectors. For example, Ga s interacts with and stimulates adenylyl cyclase, 
whereas PLC-/} is activated by G q /n. 

Phospholipase C (PLC) enzymes are important for the generation of lipid 
secondary messengers implicated in signal transduction processes (for re- 
views, see James and Downes, 1997; Rhee, 2001). PLC catalyses the hydrolysis 
of a minor membrane phospholipid, phosphatidylinositol 4,5-bisphosphate 
(PIP2) to produce two intracellular messengers, diacyl glycerol (DAG) and 
IP3. DAG activates several of the subgroups of protein kinase C while IP 3 
induces the release of calcium from intracellular stores. There are multiple 
g isoforms of PLC, which are divided into four groups (/3, y, S, and e). These 

g are activated differently. PLC-]/ isoforms are direct targets of receptors with 

a intrinsic, ligand-dependent tyrosine kinase activity such as platelet-derived 

< growth factor (PDGF) receptors. PLC-/3 isoforms are activated by the GTP- 

ti bound a subunits of the G q class of heterotrimeric G-proteins as well as by 

Gfiy dimers. Receptors that are known to activate this Ga q /PLC-/3 pathway 
include those for the mitogenic neuropeptides bombesin, endothelin, and 
vasopressin. 

The first evidence that PMT activated PLC came from experiments in 
Swiss 3T3 cells, which showed that PMT treatment caused a dramatic in- 
crease in the production of total inositol phosphates (Rozengurt et al., 1990). 
This effect was time-dependent, occurring after a lag of 2-3 h and peaking at 
5 h with a 25-fold increase in the level of inositol phosphates. The effect re- 
quired uptake of the toxin into the cells, since it was blocked by methylamine. 
In contrast, PMT did not increase the intracellular level of the messenger 
cyclic AMP. Subsequent analysis of the inositol phosphates in PMT-treated 
cells by [ 3 H-inositol] labelling showed the increase was in the level of inositol 
1,4,5-trisphosphate (IP3) and its metabolic products (Staddon et al., 1991a). 
Furthermore, Ca 2+ was mobilised from an intracellular pool. PMT treat- 
ment greatly reduced the ability of bombesin to mobilise Ca 2+ , showing that 
PMT and bombesin mobilise Ca 2+ from the same intracellular pool (Staddon 
etal, 1991a). 

PMT at picomolar concentrations stimulated a 60% increase in the cellu- 
lar content of diacylglycerol and of activated protein kinase C (Staddon et al., 
1990), leading to phosphorylation of the 80 kDa MARCKS protein (myristoy- 
lated alanine rich C-Kinase substrate), a specific target for phosphorylation 



by protein kinase C. The toxin was shown to cause a translocation of protein 
kinase C to cellular membranes. These phosphorylation events were simi- 
lar to those observed with bombesin. Cells depleted of protein kinase C by 
the addition of a high concentration of 4/3-phorbol 12,13-dibutyrate failed to 
increase phosphorylation of the 80-kDa protein in response to PMT. 

The data above demonstrated that PMT stimulates the phospholipase 
C-mediated hydrolysis of PIP 2 . However, they do not distinguish between ac- 
tivation of the various PLC isoforms. To address this question, Murphy and 
Rozengurt (L992) pretreated cells with a low concentration of PMT to induce 
sub-maximal levels of IP3 production, and then added either PDGF or one of 
the neuropeptides bombesin, vasopressin, or endothelin. PMT pretreatment 
caused a significant enhancement in the response to the neuropeptides but 
not to PDGF. This effect was greater than that expected for an additive effect. 
The rate of accumulation of IP3 induced by bombesin was 2-fold higher in a 

PMT-treated than untreated cells. Thus PMT selectively facilitated the PLC-/J s 

mediated signal transduction pathway utilised by neuropeptides. The enhanc- £j 

ing effect of PMT was most likely due to a post-translational modulation of a g 

component of the neuropeptide signal transduction pathway and not due to g 

increased protein synthesis because cycloheximide had no effect. Indeed, we § 

have recently shown that a non-mitogenic mutant of PMT also potentiates g 
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the action of bombesin, suggesting that potentiation is caused by binding of 5 
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PMT to its target and not target activation (Baldwin et al., 2003). The addition g 

of high concentrations of PMT to cells did not affect tyrosine phosphory- g 

lation of PLC-y in either the absence or presence of PDGF. These results 
strongly suggest that PMT induction of IP3 formation is via PLC-/3. This view 
is supported by experiments using voltage-clamped Xenopus oocytes to mea- 
sure PMT-mediated stimulation of PLC by monitoring the endogenous Ca 2+ - 
dependent Cl~ current (Wilson et al., 1997). In this system injection of PMT 
induced a two-component Cl~ current similar to that produced by injection 
of IP3. The PMT-induced current could be greatly reduced by prior injec- 
tion with specific antibodies to PLC-/31. In contrast, antibodies to PLC-y 1 or 
PLC-/J2 did not block the current. Antibodies to PLC-/33 caused a 25% de- 
crease in the PMT response, suggesting the possibility that this phospholipase 
may play a minor role in the PMT response. However, these data suggested 
that PMT predominantly activates the fi\ isoform of PLC. 

The requirement for a functional G-protein for PMT activity was first 
demonstrated by experiments in which cells were permeabilised to allow the 
introduction of guanine nucleotide analogues into the cytosol. PMT retained 
its ability to induce increased IP 3 in cells permeabilised with streptolysin 
O. When such cells were treated with the G-protein antagonist GDP/8 S, the 







PMT-induced accumulation of inositol phosphates was markedly inhibited 
(Murphy and Rozengurt, 1992). The non-hydrolysable agonist GTP,6S re- 
versed this inhibition. Thus PMT was shown to enhance the coupling of a 
G-protein to phospholipase C. 

In accord with this, injection of antibodies to certain G-proteins inhibited 
the PMT-induced response in Xenopus oocytes (Wilson et al., 1997). Thus, 
antibodies against the common GTP-binding region of most G-protein a 
subunits (Ga pan ) and specifically against the C-terminal region of Gaq/u 
caused a pronounced reduction in the PMT-induced Cl~ currents, whereas 
antibodies against a subunits of G s and Gi classes of G-proteins had little 
effect. Furthermore, over-expression of Ga q in Xenopus oocytes led to a 30- 
to 300-fold increased PMT response, whereas expression of Ga q antisense 
cRNA reduced the response 7-fold. These data strongly suggested a role for 
G q in PMT activity. Interestingly, injection of the oocytes with antibody to 
g the common region of Gfi subunits increased the PMT response by 4-fold. 

g As mentioned earlier, PLC-/3 can be activated by Gfiy subunits most often 

a when Gj is activated. The most likely explanation for the increased response 

< is that PMT acts through Ga q and that this antibody sequesters fiy dimers 

ti resulting in the presence of more free Gce q , and that the free monomer is 

more susceptible to PMT than the heterotrimer. 

Recently, the ability of PMT to function in Gccq/Gccn double-deficient 
fibroblasts, as well as in the corresponding single knockout cells, has been 
studied (Zywietz et al., 2001). The double knockout and the G q single knock- 
out cells, were each unable to produce inositol phosphates in response to 
PMT. However, the Gn single knockout did not prevent PMT-induced inos- 
itol phosphate formation. This shows that G q but not the closely related Gn 
mediates the PMT-induced activation of PLC. 



Activation of Rho and Rearrangement of the Actin Cytoskeleton 

The Ras-related small G-proteins of the Rho family are implicated in regu- 
lation of cell growth and in organisation of the actin cytoskeleton (Chardin 
et al., 1989; Ridley and Hall, 1992). The Rho family contains several proteins 
including RhoA, Rac, and cdc42. These have different roles in cytoskeletal 
rearrangement: RhoA directs the formation of actin stress fibres and focal 
adhesions; Rac is required for membrane ruffling; and cdc42 is involved in 
filopodia formation. For a more detailed discussion, see Chapter 3. Small 
G-proteins resemble heterotrimeric G-proteins in that they are active when 
bound to GTP and inactivate when GDP-bound. In unstimulated cells, the 
majority of Rho is bound to guanine nucleotide dissociation factors (GDIs) 



and is in the cytosol (Sasaki and Takai, 1998). GTPase-activating proteins 
(GAPs) accelerate the intrinsic GTPase activity of Rho proteins, inducing their 
inactivation. In contrast, GEFs activate the small GTPases by catalysing the 
exchange of GDP for GTP. Many Rho-GEFs are regulated by heterotrimeric 
G-proteins. There is considerable evidence that Ga 12 and Gau interact di- 
rectly with the Rho-GEFs PDZ-RhoGEF andpll5-RhoGEF (Hartetal., 1998; 
Kozasa et al., 1998; Fukuhara et al., 1999), and that these pathways are im- 
portant for stress fibre formation. In addition, Rho is regulated by Go^, Ga;, 
and /3y dimers. These pathways are less well defined. It is possible that 
direct interaction with RhoGEFs occurs or regulation may be indirect via 
PKC, tyrosine kinases, or cyclic AMP. Activated Rho interacts with a num- 
ber of downstream effectors. The best characterised of these is Rho kinase 
(pl60/ROCK), which increases the extent of myosin light chain (MLC) phos- 
phorylation (Kimura et al., 1996), contributing to actin cytoskeletal reorgani- a 
zation, cell adhesion, and migration. Responses for which the Rho effector is s 
less well defined include DNA synthesis, cell growth, and gene transcription. g 

PMT treatment of Swiss 3T3 cells was shown to induce tyrosine phos- g 

phorylation of a number of key proteins (Lacerda et al., 1996). In particular, g 

the non-receptor kinase pl25 FAK (focal adhesion kinase) and the cytoskeleton- § 

associated adaptor protein paxillin were tyrosine phosphorylated. The phos- g 

phorylation of these two proteins was not affected by inhibitors of PKC or Ca 2+ 5 

(GF109203X and thapsigargin, respectively). The phosphorylation of pl25 
in response to PMT occurred on Tyr 397 (Thomas et al., 2001), the major site 
for tyrosine autophosphorylation of pl25 FAK , and potentially a high-affinity 
binding site for the SH2 domain of Src family proteins (Parsons and Parsons, 
1997). Co-immunoprecipitation experiments showed that PMT treatment in- 
duced the formation of a stable FAK/Src complex, in which both kinases are 
believed to be active (Thomas et al., 2001). 

Because pl25 FAK and paxillin both localise to focal contacts that form at 
the ends of actin stress fibres, the effect of PMT on the actin cytoskeleton was 
examined (Lacerda et al., 1996). Quiescent Swiss 3T3 fibroblasts contained 
disorganised actin, whereas the toxin induced the formation of thick bun- 
dles of parallel stress fibres (Figure2.3). These formed after a lag of 1 h and 
reached a maximum at 8 h after PMT addition. The amount of vinculin in- 
creased in parallel, showing that PMT also induced focal adhesion assembly. 
Addition of cytochalasin D (a compound which disrupts the actin cytoskele- 
ton) before PMT treatment blocked PMT-induced tyrosine phosphorylation 
of all phosphorylated proteins including pl25 FAK . This illustrates that the 
integrity of the actin cytoskeleton is necessary for pl25 FAK tyrosine phospho- 
rylation to be activated by PMT. Microinjection of quiescent Swiss 3T3 cells 
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Figure 2.3. Induction of stress fibres by PMT. Quiescent Swiss 3T3 cells were treated for 
8 h with 20 ng/ml PMT, then the actin cytoskeleton was stained with fluorescently 
labelled phalloidin. (See color section.) 



with C3 exoenzyme, which ADP-ribosylates Rho to block its action, inhib- 
ited the tyrosine phosphorylation of pl25 FAK . Tyrosine phosphorylation of 
pl25 FAK and the formation of stress fibres are dependent on the activity of 
pl60/ROCK, because two ROCK inhibitors (HA1077 and Y-27632) blocked 
these events (Thomas et al., 2001). Thus, Rho and the Rho kinase are impor- 
tant for the activity of PMT on the cytoskeleton. Effects of PMT on cytoskeletal 
reorganization and cell shape were also reported by Dudet et al. (1996). These 
authors noted cell retraction as well as stress fibre formation in Swiss 3T3 
cells. Both effects were blocked by methylamine, showing that they occurred 
after toxin internalisation. Additionally, they described membrane ruffling of 
PMT- treated cells, which was not blocked by methylamine. This was probably 
a direct effect of the endocytosis event, and not a result of PMT activity. 

The mechanism by which Rho is activated in response to PMT is unclear. 
As described earlier, Rho can be activated by heterotrimeric G-proteins via 
Rho-GEFs or other pathways. It was recently shown that PMT induces stress 
fibre formation in Ga^/Gan double-deficient fibroblasts (Zywietz et al., 
2001). This stress fibre formation was dependent on Rho and Rho kinase 



because microinjection with C3 or dominant-negative ROCK or treatment 
with a ROCK inhibitor blocked the actin rearrangements. Activation of Rho 
by PMT in wild-type cells and the double knockout cells was directly demon- 
strated by assaying its ability to bind a fusion protein consisting of GST fused 
to the Rho-binding domain of the Rho target rhotekin. These experiments 
showed that PMT-induced activation of Rho could occur in the absence of 
G q or Gn- Furthermore, pre-incubation of cells with pertussis toxin did not 
affect PMT-mediated stress fibre formation, suggesting that G-proteins of the 
Gi class were not required. Other possible mechanisms for Rho activation 
such as activation by G12/13 or by tyrosine kinases remain to be investigated. 

Studies by Essler et al. (1998) using confluent endothelial cells 
(HUVECs) showed that actin reorganisation and cell retraction caused by 
PMT led to a 10-fold increase in transendothelial permeability. This was al- 
most completely abolished by pretreatment with exoenzyme C3, showing that a 
Rho was involved. The effect of C3 was reversed by addition of the myosin s 
light chain phosphatase (MLCP) inhibitor tautomycin. It is thought that the £j 
changes in permeability are linked to PMT induced cytoskeletal changes in g 
these cells. The prominent stress fibres were abolished if cells were microin- £ 
jected with either the RBD (Rho binding domain) or PH (Pleckstrin homol- § 
ogy) domain of Rho kinase prior to PMT addition. Microinjection of cells 8 
with constitutively active MLCP completely abolished PMT-induced stress fi- 5 
bre formation. These results are consistent with the idea that PMT decreases g 
MLCP activity via Rho/Rho kinase and that this results in increased phospho- g 
rylation of MLC. Protein phosphatase assays confirmed that PMT inactivates 
MLCP. It was further demonstrated that MLC kinase was required for actin 
reorganisation, because the MLC kinase inhibitor KT5926 blocked actin rear- 
rangements, and that MLC was phosphorylated in a time-dependent manner 
by PMT. The endothelial cell contraction induced by this pathway was sug- 
gested to contribute to the vascular permeability, oedema, and emigration of 
neutrophils that are observed during infection with toxigenic P. multocida. 

The growth of most normal cells requires contact with an adhesive sub- 
stratum to proliferate, a requirement that is removed by oncogenic trans- 
formation (Varmus, 1984). The ability of PMT to stimulate anchorage- 
independent growth was assessed in Rat-1 fibroblasts, a cell line that can 
readily be induced to form colonies in semisolid medium. PMT at picomolar 
concentrations was found to potently induce an increase in the formation 
of colonies (Higgins et al., 1992). The magnitude of the effect was greater 
than that achieved by nanomolar concentrations of epidermal growth factor 
or platelet-derived growth factor. Integrin-mediated signals, including tyro- 
sine phosphorylation of focal adhesion proteins, have been implicated in 







promoting anchorage-independence. It is likely that PMT circumvents the 
requirement for integrin-mediated signals generated in adherent cells as a 
result of its considerable and persistent induction of stress fibres and tyrosine 

phosphorylation of focal contact proteins. 

Activation of Mitogen-Activated Protein Kinase Cascades by PMT 

The mechanisms whereby PMT induces its mitogenic effects are not fully 
understood, although PMT is known to activate the Erk mitogen-activated 
protein kinase (MAP kinase) pathway. Many heterotrimeric G-proteins are 
known to activate this pathway. This can be achieved by a mechanism 
involving activation of receptor or non-receptor tyrosine protein kinases 
and Ras/Raf, or by a poorly defined pathway involving stimulation of PKC 
isoforms (Gutkind, 1998). 
g Ras is a small membrane-associated G-protein, which is active in its 

g GTP-bound state. Activated Ras mediates some of the intracellular signals 

q normally seen in response to mitogens that bind to receptor tyrosine ki- 

< nases. It can also be activated via the non-receptor tyrosine kinase pl25 FAK . 

ti GTP-binding to Ras is regulated by specific guanine nucleotide exchange 

factors including Sos (Son of Sevenless). The best characterised effector 
of Ras is Raf, a serine/threonine kinase that links Ras to the Erk MAP ki- 
nase cascade (Raf/Mek/Erk). This cascade spans from the plasma mem- 
brane to the nucleus. Erk phosphorylates and regulates key enzymes and 
also translocates to the nucleus, where it plays a role in regulating expres- 
sion of genes essential for proliferation, for example, c-myc. In addition to 
this pathway, heterotrimeric G-proteins also induce a distinct pattern of ex- 
pression of immediate early genes, including those of the jun and fos family. 
The activity of jun is regulated by a novel family of MAP kinases named Jun 
kinases (Jnks). Inks are linked to GPCRs via the small GTPases Rac and 
cdc42. 

PMT was shown to stimulate Erkl/2 phosphorylation in Swiss 3T3 cells 
after a 4-h incubation (Lacerda et al., 1997). It also stimulated phosphoryla- 
tion of Erkl/2 in HEK 293 cells to reach a maximum of 6- to 10-fold above 
basal level after 12-48 h of continuous exposure (Seo et al., 2000). To de- 
termine whether Erkl/2 phosphorylation occurred downstream of G q acti- 
vation, the effect of PMT pre-treatment on Erkl/2 phosphorylation induced 
by the G q /n-coupled a-thrombin receptor was assayed. PMT pre-treatment 
failed to produce an additive response, suggesting that a common G-protein 
pool mediated both effects. In contrast, PMT pre-treatment produced an ad- 
ditive Erkl/2 phosphorylation with the Gj-coupled LPA receptor, indicating 



that G; was not involved in the PMT response. Interestingly, the PMT effect 
was not additive with the EGF receptor. These results were confirmed using 
specific inhibitors of G-protein function. Erk activation by PMT was unaf- 
fected by the Gj inhibitor, pertussis toxin, but was significantly attenuated by 
the expression of G q /n inhibitory peptides (the C-terminal fragment of Ga q , 
Go'q-(305-359), and an inactive mutant of the G-protein-coupled receptor 
kinase GRK2, GRK2(K2220R)). These results demonstrated that PMT in- 
duced Erkl/2 activation via G q /n activation. 

The pathway linking G q activation by PMT to Erkl/2 phosphorylation 
was also investigated (Seo et al., 2000). The role of PKC was assessed by 
the use of PKC inhibitors. The inhibitors GF109203X and Ro31-8220, which 
inhibit classical isoforms of PKC, had no effect on PMT-induced Erk phos- 
phorylation. In contrast, the tyrphostin AG1478, which inhibits signalling 
via the EGF receptor, profoundly inhibited ERK phosphorylation in response k 

to PMT. These data indicate that PMT stimulation of the Erk pathway is s 

not mediated by PKC, but involves ligand-independent transactivation of the £j 

receptor tyrosine kinase, the EGF receptor. The expression of dominant in- g 

hibitory mutants of mSos and Ha-Ras significantly inhibited PMT-mediated £ 

Erk activation, providing further evidence for this. § 

The activation of this pathway by PMT is consistent with earlier find- 8 
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ings that exposure of Swiss 3T3 cells to PMT resulted in the loss of cell 5 
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surface EGF receptors - an effect that may represent EGF receptor down- g 

regulation following PMT-induced transactivation (Staddon et al., 1990). This g 

was demonstrated by showing that PMT-treated cells bound less 125 I-EGF. 
The decreased binding occurred after a lag of at least 1 h and was sensitive 
to methylamine, indicating that PMT internalisation was an essential pre- 
requisite. When PKC was down-regulated by pre-treatment with 4 / S-phorbol 
12,13-dibutyrate, transactivation of the EGF receptor in response to bombesin 
was completely blocked but that induced by PMT was inhibited by only about 
50%. These results indicate that PMT transmodulated the EGF receptor by 
both PKC-dependent and -independent pathways. The discrepancy between 
this suggested role for PKC and the lack of a role for PKC in Erk activa- 
tion indicated by the results of Seo et al. (2000) may reflect the different cell 
types being used. Thus, the pathways leading to cell proliferation may differ 
between cells. 

Recent experiments have shown that PMT activates the MAP kinase, Jnk, 
in fibroblasts (Zywietz et al, 2001). These authors also showed that activation 
of Erk and Jnk in response to PMT occurred in fibroblasts deficient in Gaq 
and Gan. This contrasts with the experiments using G q inhibitors (Seo et al., 
2000) that implicated G q in Erk activation, and clearly showed that there is an 



alternate pathway not involving G q or Gn. It is possible that Erk activation 



o 



occurs via G q and another mechanism. 



EFFECT OF CELL TYPE ON OUTCOME OF PMT-MEDIATED 
ACTIVATION OF SIGNALLING PATHWAYS 

As discussed earlier, PMT is mitogenic for some cell types but not for others. 
This is probably due to differential expression or regulation of signalling 
molecules in different cells. As an example, one study compared the effects 
of PMT in Swiss 3T3 cells with those in Vero cells (Wilson et al, 2000). PMT 
induced the up-regulation of cell cycle markers in Swiss 3T3 cells. Expression 
of the cyclins Dl, D2, D3, and E, p21, PCNA, c-myc, and Rb/107 were all 
increased by addition of PMT to quiescent Swiss 3T3 fibroblasts. These effects 
are consistent with PMT induction of cell cycle reentry from Go into Gi 
g followed by progression through Gi, S, G2, and M. Under the experimental 

g conditions used, the cell cycle arrested after two or three rounds in mid to 

a late Gi. In contrast in Vero cells, which were not induced to proliferate by 

< PMT, several of the cell cycle markers (PCNA and cyclins D3 and E) were not 

ti up-regulated. 

In one recent study, PMT has been used to elucidate the signalling path- 
ways that promote cardiomyocyte hypertrophy (Sabri et al., 2002). Myocardial 
hypertrophy occurs as a result of stresses that increase cardiac work, but in 
the long term generally progresses to cardiac failure. The G q family plays a 
role in hypertrophy. Thus, modest increases in wild-type Ga q have previously 
been shown to induce stable cardiac hypertrophy, whereas very intense Gce q 
stimulation induced dilated cardiomyopathy, with functional decompensa- 
tion and cardiomyocyte apoptosis (Adams et al., 1998). This study used PMT 
as a tool to mimic these effects in cardiomyocytes and study the signalling 
pathways involved. It was found that PMT stimulated nPKC isoforms (PKC<5 
and PKCe), and this led to activation of MAP kinase cascades, which is con- 
sistent with induction of hypertrophy. In contrast to HEK 293 cells (Seo et al., 
2000) and to cardiac fibroblasts (Sabri et al., 2002), activation of MAP kinase 
was independent of EGF receptor activation. Activation of nPKC isoforms 
in cardiomyocytes also resulted in decreased Akt phosphorylation. Akt is a 
serine threonine kinase, which when activated by phosphorylation acts as a 
cell survival factor. Thus the repression of Akt activation by PMT is consistent 
with the increased apoptosis observed in cardiomyocytes. 

Once the molecular target(s) of PMT are established, the toxin will be a 
valuable research tool for analysing signalling pathways in different tissues 
and cells. 
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THE TARGET OF PMT AND ITS MODIFICATION 

It is clear that PMT acts via the heterotrimeric G-protein, G q , and this protein 

is a possible primary target of the toxin. The signalling pathways stimulated by 

PMT could theoretically all be activated via Gq. However, the use of Ga q /Gan 

deficient fibroblasts clearly demonstrates that PMT can still exert some of its 

effects in the absence of G q . Therefore, G q cannot be the sole target. Toxins in 

general are highly specific in their mode of action, modifying a single target 

or small group of closely related proteins. For example, cholera toxin modifies 

both G s and G;. Therefore, it seems likely that a second PMT target could 

be closely related to G q , for example another heterotrimeric G-protein such 

as G12 or G13. PMT induces actin stress fibre formation, Rho activation, and 

phosphorylation of MAP kinases in the Ga^/Gau knockout cells - effects 

that could be induced by activation of a member of the G u class of G-proteins. 

However, there has not yet been any experimental demonstration that PMT 

modifies G q or another heterotrimeric G-protein. It remains a possibility that 

the target could be something else. For example, it has been suggested that a " 

guanine nucleotide exchange factor could be modified by PMT (Zywietz et al. , 8 

2001). Whatever the primary target(s) are, PMT is the first toxin identified that g 

activates G q , and is therefore a useful reagent for investigating G q -mediated S 

signalling pathways. q 

Recent results from our laboratory (Baldwin et al., 2003) have shown that *■ 

Ga q is tyrosine phosphorylated in PMT-treated cells. This phosphorylation 8 

was time- and dose-dependent, and required internalisation of the toxin. 
Surprisingly, an inactive point mutant of PMT (C1165S) also phosphorylated 
Ga q with similar kinetics. These results are consistent with a mechanism 
in which PMT interacts physically with Ga q . Thus, the catalytically inactive 
mutant toxin is proposed to bind to Ga q and induce its phosphorylation 
perhaps by altering its conformation, but is unable to enzymatically modify 
and activate it. 

The enzymatic activity of PMT remains to be identified. The catalytic do- 
main of PMT (see below) is not significantly homologous to known proteins 
that might give an indication of its function. Other toxins for which a mode 
of action has been determined have a limited number of enzymatic activities, 
including ADP-ribosylation, deamidation, transglutamination, glycosylation, 
and proteolysis. It is possible that PMT may possess a novel enzymatic ac- 
tivity. PMT is not an ADP-ribosyltransferase because labelling of cells with 
[2- 3 H]adenine prior to PMT treatment did not result in increased labelling 
of any protein bands (Staddon et al., 1991b). Furthermore, mutation of a pos- 
sible ADP-ribosylation motif in PMT had no effect on the activity of the toxin 
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(Ward et al., 1994). The investigation of other possible activities of PMT has 
not been reported. 

THE STRUCTURE OF PMT 

The gene encoding PMT was cloned from toxigenic P. multocida in three 

different laboratories (Petersen and Foged, 1989; Kamps et al., 1990; Lax and 

Chanter, 1990), and its complete nucleotide sequence determined (Buys et al., 

1990; Lax et al., 1990; Petersen, 1990). The toxin gene was recently found 

to be located on a lysogenic prophage, indicating that it was horizontally 

acquired (Pullinger et al., 2004). The gene encodes a protein of 1285 amino 

acids (approximately 146 kDa). A protein of this molecular weight has been 

purified to homogeneity from recombinants containing the whole PMT gene, 

and shown to possess biological activity. 

g Large intracellular toxins are generally composed of functional domains 

g with separate roles in receptor-binding/membrane translocation (the bind- 

er 
n ing or "B" component) and in enzymatic modification of the target (the active 

< "A" component). Analysis of the PMT sequence showed significant homol- 

d ogy of the N-terminal of PMT with the N-terminal of the cytotoxic necrotizing 

factors (CNF1 and 2) of E. coli. In particular, the region of highest homology 
corresponds to residues 230 to 530 of the PMT sequence (Pullinger et al., 
2001). This homologous region includes a predicted hydrophobic, helical re- 
gion (residues 379 to 498) that is a potential membrane translocation domain. 
In CNF the N-terminus is known to function in binding and internalisation of 
the toxin (Lemichez et al., 1997), suggesting a similar role for the N-terminus 
of PMT. Recent analysis of this region in PMT supports this prediction 
(Baldwin et al., 2004). Secondary structure prediction analysis suggested that 
the C-terminal of PMT (residues 889 to 1220) is an alternating a//3 fold, 
which is likely to fold into a structurally discrete domain. This prediction was 
supported by marginal homology of this region to proteins of known mixed 
a Ifi structure (Pullinger et al., 2001). 

The first study to analyse which parts of the toxin molecule were re- 
quired for activity used a deletion strategy (Petersen et al., 1991). Deletions 
were made using convenient restriction sites. Four toxin deletants were sta- 
ble and expressed in high enough amounts for purification and functional 
analysis. Three of these were completely inactive, and one (lacking residues 
505-568) retained some activity, suggesting this region was not critical for 
activity. This region is immediately downstream of the putative hydrophobic 
helical region. Site-directed mutagenesis has subsequently been employed 
to identify important residues. Many large toxins use disulphide bonds to 



link or stabilize multiple-domain structures and to enable the delivery of 
the catalytic fragment to the cytosol, so cysteine residues are often signifi- 
cant. All 8 cysteines of PMT were individually mutated and the activity of 
the variant toxins assessed (Ward et al., 1998). Only the most C-terminal of 
the 8 cysteines (Cys 1165) was essential for activity. Mutant C1165S was 
not cytotoxic for EBL cells, lacked mitogenic activity for Swiss 3T3 cells 
and produced no discernible effect in gnotobiotic piglets even when given 
at lOOOx the wild-type LD50. The loss of activity of C1165S was not due 
to gross structural changes because it displayed similar protease resistance 
and circular dichroism spectra to wild-type toxin (Ward et al., 1998). Mutant 
C1165S retained its ability to bind to cells because it could block the activ- 
ity of wild-type PMT (Pullinger et al., 2001). Thus, C1165 was proposed to 
be essential for the enzymatic activity of PMT. We have recently evaluated 
the role of the four most C-terminal histidine residues using a similar ap- a 

proach, and found that H1205 is also essential for enzymatic activity (unpub- s 

lished results). Mutation of H1223 also significantly decreased toxin activity. g 

Similarly, Orth et al. (2003) found that H1205 and H1223 are essential for | 

activity. £ 

The functional domains of PMT have recently been located by analysis of § 

purified PMT peptides. Results from our laboratory and from an independent g 



p 



n 



study both localised the catalytic domain to the C-terminal. Thus, we showed 5 
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that microinjection of a C-terminal peptide consisting of amino acids 681- g 

1285 into quiescent Swiss 3T3 fibroblasts induced DNA synthesis and led g 

to morphological changes typical of PMT (Figure2.4; Pullinger et al., 2001). 
Microinjection of N-terminal peptides had no effect. Furthermore, microin- 
jection of antibodies against this C-terminal fragment inhibited the activity 
of wild-type toxin added subsequently to the medium. Similarly, Busch et al. 
(2001) used electroporation to introduce peptides into EBL cells, and found 
that the slightly larger C-terminal peptide (581-1285) caused reorganisation 
of the actin cytoskeleton and rounding of the cells, resembling the effect of 
PMT on these cells. N-terminal peptides were ineffective. Electroporation of 
the 581-1285 peptide also led to accumulation of inositol phosphates in EBL 
cells. A smaller C-terminal peptide (residues 701-1285) was inactive in these 
assays. 

An N-terminal PMT peptide (residues 1-506) competed with full-length 
toxin for binding to cell surface receptors, and therefore contains the bind- 
ing domain (Figure 2.4; Pullinger et al., 2001). This peptide probably also 
contains the membrane translocation domain. Consistent with this concept, 
antibodies raised against this peptide bound efficiently to native PMT, sug- 
gesting that the N-terminus is surface-located. 
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Figure 2.4. The functional domains of PMT. Top panel: diagram showing the 
approximate locations of the functional domains. R, receptor-binding domain; T, 
membrane translocation domain; C, catalytic domain. Lower panel: quiescent Swiss 3T3 
cells were microinjected with the C-terminal of PMT (residues 681-1285) and with rabbit 
IgG. DNA synthesis was assayed by addition of BrdU, which is incorporated into the DNA 
of activated cells. A, green nuclei represent BrdU positive cells; B, microinjected cells 
stained red. (See color section.) 



In contrast, experiments by Wilson et al. (1999) indicated that the N- 
terminus had biological activity. This interpretation was based on the mi- 
croinjection of peptides into Xenopus oocytes. An N-terminal peptide con- 
sisting of residues 1 to 568 induced a Ca 2+ -dependent Cl~ current. However, 
because this peptide includes the hydrophobic helical region thought to be the 
translocation domain, the result might have been an artefact of membrane 
insertion. 

Further mutagenesis analysis will be needed to locate the minimal func- 
tional domains and to identify residues essential for specific functions. 



PMT AND DISEASE 

Atrophy of the nasal turbinate bones and twisting or shortening of the snout 
characterise atrophic rhinitis (AR) of pigs (Switzer and Farrington, 1975). 



The severe disease is caused by respiratory infections with both P. multocida 
and Bordetella bronchiseptica (Pedersen and Barfod, 1981). In gnotobiotic pigs, 
infection with B. bronchiseptica alone caused moderate atrophy but the bones 
regenerated (Rutter et al., 1982), whereas in mixed infections with toxigenic 
P. multocida colonisation by large numbers of the pasteurellae occurred and 
severe, progressive disease was produced (Rutter and Rojas, 1982). Gnotobi- 
otic pigs infected with P. multocida alone were colonised by far fewer bacteria, 
showing that prior colonisation with B. bronchiseptica led to conditions suit- 
able for P. multocida colonisation (Rutter and Rojas, 1982). Inoculation of 
bacteria-free extracts from toxigenic P. multocida strains or of purified PMT 
into pigs produced turbinate atrophy (Rutter and Mackenzie, 1984; Chanter 
et al., 1986). Thus PMT is responsible for the turbinate atrophy caused by 
P. multocida in AR. The toxin has also been shown to be lethal for mice af- 
ter intra-peritoneal inoculation and produces dermonecrotic skin lesions in a 
mice or guinea pigs injected intra-dermally (Nakai et al., 1984). s 
PMT is mitogenic for osteoblasts, the cells that lay down bone (Mullan g 
and Lax, 1996). It also down-regulates the expression of several markers of g 
osteoblast differentiation, and so is thought to inhibit the differentiation of £ 
immature osteoblasts into mature osteoblasts. The toxin might also act on § 
osteoclasts. These results and their relevance to possible mechanisms for the 8 



to proliferative changes in the epithelium of the bladder wall and ureter 
(Rutter and Mackenzie, 1984; Lax and Chanter, 1990). A similar effect was 
also observed following nasal infection of gnotobiotic pigs with a toxigenic 
P. multocida strain (Figure 2.5; Hoskins et al., 1997). Hyperplasia and vac- 
uolation of the transitional epithelial lining in the bladder occurred, without 
any apparent evidence of inflammation. The bladder epithelium was 4- to 
6-fold thicker than in a control animal, and this was due to increased cell 
number rather than cell enlargement. In another in vivo experiment, rat os- 
teosarcoma cells were implanted subcutaneously into nude mice, and the 
effect of a course of PMT injections was assessed (Dyer et al., 1998). After 
implantation all animals developed tumours. The tumours in mice given 
three injections of PMT were consistently larger than those in control mice 
receiving no toxin. The results indicated that PMT had a mitogenic effect and 
contributed to neoplastic growth. In addition, the enhanced tumour growth 
led to an increased incidence of metastasis. 

These results raise concern that carriage of toxigenic P. multocida could 
lead to systemic proliferative changes. This could occur in adult pigs where 
carriage of toxigenic P. multocida does not cause AR. P. multocida also causes 
human infections. Strains isolated from wounds inflicted by dogs or cats are 
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bone loss caused by PMT are discussed in Chapter 7. 5 
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As well as the effects on bone, intraperitoneal introduction of PMT led g 



x 




A B 

Figure 2.5. Proliferation of the bladder epithelium of pigs infected with toxigenic 
P. multocida. A, normal bladder epithelium; B, epithelium from pig infected with 
toxigenic P. multocida. 



mostly non-toxigenic. However, those from respiratory infections likely to 
have been acquired from pigs, for example from farm workers, are sometimes 
toxigenic (Donnio et al., 1991). Their long-term carriage could have serious 
implications. 



CONCLUSIONS 

The Pasteurella multocida toxin is a highly unusual toxin that is mitogenic 
for many cell types. Most bacterial toxins are associated with acute diseases 
in which cells are killed or their function is severely impaired. Although 
PMT has long been associated with the pig disease atrophic rhinitis, chronic 
exposure to the toxin may also have hidden consequences as its effects on 
cell signalling show many similarities with those of tumour promoters. Very 
few studies have looked at this possibility, although it is now widely accepted 
that bacteria can cause cancer; in particular, Helicobacter pylori is linked with 
gastric cancer (see Chapter 8). This is an important area for future work on 
this toxin. 

PMT is an activator of G q -mediated signalling pathways, and possibly 
also of the G 12 class of G-proteins. It is the first toxin known to be an agonist 



for G q . Toxins that specifically activate or inactivate other heterotrimeric G- 
proteins, for example cholera toxin and pertussis toxin, have been widely 
used as reagents to help unravel cell-signalling pathways. It is anticipated that 
PMT will also become an increasingly valuable tool for cell biology research, 
particularly after its molecular mode of action is fully understood. 
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CHAPTER 3 

Rho-activating toxins and growth regulation 

Gudula Schmidt and Klaus Aktories 



Low molecular mass GTPases of the Rho family are master regulators of the 
actin cytoskeleton and are involved in various signal transduction processes. 
They regulate the actin cytoskeleton and control transcriptional activation, 
cell cycle progression, cell transformation, and apoptosis. Rho GTPases are 
the eukaryotic targets of a variety of bacterial protein toxins that either in- 
hibit or activate the Rho proteins. The cytotoxic necrotizing factors CNF1 
and 2 from Escherichia coli and the dermonecrotic toxin DNT from Borde- 
tella species are Rho-activating toxins. Whereas CNFs cause deamidation of 
Rho proteins, DNT deamidates and/or trans glutaminates the GTPases by 
attachment of polyamines. Both deamidation and trans glutamination cause 
persistent activation of Rho GTPases and subsequent changes in processes 
governed by the GTPases. 

RHO GTPASES 

Rho GTPases belong to the Ras superfamily of low molecular mass GTPases 
and are molecular switches in various signalling pathways. Like all members 
of GTP-binding proteins, they are active in the GTP bound form and inac- 
tive with GDP bound. Activation occurs by GDP/GTP exchange catalysed by 
guanine nucleotide exchange factors (GEFs) and is inhibited by binding of 
guanine nucleotide dissociation inhibitors (GDIs) . Inactivation by hydrolysis 
of the bound GTP is catalysed by GTPase activating proteins (GAPs) (Symons 
and Settleman, 2000). 

Rho GTPases are ubiquitously expressed. The members (> 15) of the Rho 
family of GTPases, including RhoA, B, C, D, E, and G, Cdc42, Racl, 2, and 3, 
share more than 50% sequence identity. The GTPases have been described as 
important regulators of the actin cytoskeleton. RhoA regulates the formation 
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Figure 3.1. Rho GTPases regulate the actin architecture by different pathways. Cdc42, 
Rac, and RhoA activate the Arp2/3 complex via different effector molecules, which are 
protein kinases (e.g., PI5K, PAK, ROCK) or scaffolding molecules (e.g., WASP, IRS p53, 
mDia). These effector molecules also regulate other signalling pathways, leading to actin 
polymerisation or depolymerisation and, thus, control cellular morphology, movement, 
and other actin-dependent processes. 

of actin stress fibres - bundles of actin filaments associated with myosin fila- 
ments and other proteins. Cdc42 is known to induce formation of filopodia, 
which are small actin protrusions. Similar to stress fibres, filopodia are asso- 
ciated with focal contacts, which link the cytoskeleton with the extracellular 
matrix and the substratum. It has been suggested that filopodia are sensory 
elements more than the driving force for migrating cells. The third well- 
characterised member of the Rho family, Rac, is involved in the formation 
of lamellipodia and membrane ruffles. These actin-containing structures are 
necessary for phagocytosis and cell movement. By regulating the actin cy- 
toskeleton, Rho-GTPases are involved in migration, phagocytosis, endo- and 
exocytosis, and cell-cell and cell-matrix contact (Nobes and Hall, 1999). 

Furthermore, the family of Rho GTPases is involved in the regulation 
of transcriptional activation, cell cycle progression, cell transformation, and 
apoptosis. Many Rho GTPase effectors involved in these processes have been 
identified, including protein- and lipid kinases, phospholipase D, scaffolding 
proteins, and numerous adaptor proteins (Bishop and Hall, 2000). 

The pathways leading to actin-based motility are the best characterised 
(Figure 3.1). RhoA-dependent reorganisation of the actin cytoskeleton is 
mediated by the cooperative action of Rho kinase (pl60/ROCK) (Rho- 
associated kinase) and mDia (diaphanous) proteins. mDia proteins interact 
with actin via their C-terminal FH2 domain (Alberts, 2001) and regulate the 



profilin-G-actin interaction via their FH1 domain, thereby leading to actin 
polymerisation. Rho kinase, on the other hand, increases the myosin light 
chain (MLC) phosphorylation by inhibiting the MLC phosphatase and, 
thereby, facilitates the assembly of actin and myosin (Essler et al., 1998). More- 
over, Rho-kinase, and also protein kinase C (PKC), phosphorylates calponin 
and, thereby, reduces calponin-actin interaction (Kaneko et al., 2000). Bind- 
ing of calponin to actin has an inhibitory effect on the ATPase activity of 
myosin (for review see Fukata et al., 2001). In some cells, Rac antagonises 
the action of RhoA by inhibiting the MLC kinase, myosin phosphorylation, 
and the actomyosin assembly. Inactivation of the MLC kinase by Rac in- 
volves PAK, an effector of Rac and Cdc42. Besides inhibiting contractile 
forces, PAK leads to the stabilisation of actin filaments by activating LIM 
kinase, which inhibits cofilin by phosphorylation. Cofilin severs actin fila- 
ments and additionally increases the rate of monomer release at the pointed o 
ends of actin filaments. However, Rho kinase also activates Lim kinase to act 2 
in this case synergistically with Rac signalling pathways. This effect might tjj 
be of importance for RhoA-induced actin polymerisation. Activated Rac and £ 
Cdc42 stimulate actin nucleation by the Arp2/3 complex. This involves WASP - 
(Wiskott-Aldrich syndrome protein) family proteins. Whereas WASP and % 
the ubiquitously expressed N-WASP proteins are activated by Cdc42, WAVE g 
(WASP verproline homologous protein) is regulated by Rac. 



RHO GTPASES AS REGULATORS OF PROLIFERATION 

The precise pathways whereby Rho proteins impinge on the regulation of 
proliferation are not particularly clear. In mammalian cells, proliferation is 
cooperatively controlled by soluble growth factors and cell adhesion to the 
extracellular matrix. Signalling pathways induced by both stimuli cross-talk 
on several regulatory levels and are regulated by various Rho GTPases. These 
include regulation of integrin signalling, control of MAP kinase cascades sub- 
sequent to tyrosine kinase receptor activation, and activation of PI3kinase- 
dependent pathways (Assoian and Schwartz, 2001; Danen and Yamada, 
2001). For example, mitogenic signals from soluble growth factors are trans- 
duced by the canonical Ras-Raf-MEK-ERK cascade with subsequent tran- 
scriptional activation. Integrin signalling converges via focal adhesion kinase 
(pl25 FAK ), paxillin, and src kinases with MAP kinase cascade regulation. The 
functional consequences are transcriptional activation (e.g., increase in cy- 
clin Dl transcription) and cell cycle progression, eventually resulting in cell 
growth. 



< 



o 



Cdc42 



RhoA 

S/\ \ 

Kip1 / / Rock 




cell cycle progression 



cell division 



Figure 3.2. Rho GTPases regulate the cell cycle. For regulation of the cell cycle 
progression Cdc42, Rac, and RhoA control different members of cell cycle regulatory 
proteins of the cyclin family by activating (E2F, PAK) or inhibiting (Kipl, Waf/Cip) 
effector molecules. Cyclin A and D are targets for Cdc42 and Rac signalling, whereas 
RhoA activity primarily inhibits the CDK inhibitors Kip and Waf/Cip. The GTPases also 
control cell division by activating SRF-dependent transcription and regulating cytokinesis. 

Rac/Cdc42 is known to activate the Jun kinase signalling cascade with 
c-Jun transcriptional activation (Figure 3.2) (Minden et al., 1995). However, 
a major role of Rac/Cdc42 is the control of cyclin Dl transcription. Activated 
mutants of Rac induce cyclin Dl (Page et al., 1999; Westwick et al., 1997). 
Moreover, constitutively activated Rac and Cdc42, but not RhoA, induce E2F 
activity and anchorage-independent induction of cyclin A (Philips etal., 2000). 
On the other hand, negative Rac mutants inhibit the cyclin Dl induction by 
oncogenic Ras (Gille and Downward, 1999). The Rac/Cdc42 effector Pak ki- 
nase is involved in integrin-induced Erk activation and stimulates MEK1 and 
Raf (Chaudhary et al., 2000). This process additionally involves PI3-kinase. 

The major role of Rho in Gl progression appears to be different (Fig- 
ure 3.2). Besides an effect of RhoA on cyclin Dl protein accumulation (Danen 
et al., 2000), the GTPase was shown to be involved in downregulation of in- 
hibitors of cyclin-dependent kinases. Mitogen-induced Erk activation induces 
the CDK inhibitor p21 Waf / ci P (Bottazzi et al, 1999) which is Rho dependent. 
Similarly Rho is essential to prevent p21 Waf / Clp induction by oncogenic Ras 
(Olson et al., 1998). Furthermore, Rho appears to be involved in degradation 
of the CDK inhibitor p27 klpl (Hirai et al., 1997). In line with these findings are 
studies showing that Rho GTPases are essential for cell transformation and 
possess at least some cell transformation activity. The role of Rho GTPases in 



transformation is more obviously appreciated by the observation that many 
GEFs are well-established products of oncogenes. This category includes Vav, 
(Olson et al, 1996), Lbc (Zheng et al., 1995), Dbl (Hart et al, 1991), TIAM-1 
(Michiels et al., 1995), and many others (Jaffe and Hall, 2002). Accordingly, it 
was shown that mice, which are deficient in the Rac GEF TIAM, are resistant 
to Ras-induced skin tumours (Malliri et al., 2002). 

Recently, an important connection between the actin cytoskeleton and 
transcriptional activation was described. It was shown that LIM Kinase and 
Diaphanous cooperate to regulate serum responsive factor and actin dynam- 
ics (Geneste et al., 2002). It has been known for many years that a dynamic 
actin cytoskeleton is needed for the cleavage of a dividing cell into two daugh- 
ter cells. Moreover, it has been shown in many different cell systems that Rho 
GTPases are involved in cell division. Several Rho effectors, including Rho 
kinase (ROCK) and citron kinase, are localised at cleavage furrows (Chevrier o 

et al., 2002). Moreover, Myosin II, which is phosphorylated by Rho kinase, is 
an essential motor for cytokinesis (Matsumura et al., 2001). Rho kinase has tjj 

been identified as a component of the centrosome. It is required for posi- £ 

tioning of the centrosomes, which play a role in cell division as well as in cell - 

motility. % 



RHO PROTEINS AS TARGETS OF BACTERIAL TOXINS 

During the last few years, it has been recognised that Rho proteins are ma- 
jor eukaryotic targets for various bacterial protein toxins. Some toxins block 
the functions of Rho GTPases by covalent modification. For example, C3- 
like toxins from C. botulinum, C. limosum, and S. aureus, which share 30 to 
70% aminoacid sequence identity, ADP-ribosylate small GTPases of the Rho 
family (e.g., at Asn41 of RhoA [Sekine et al., 1989]) and inactivate them. The 
prototype of these small toxins (23-30 kDa) is the Clostridium botulinum C3 
toxin, which ADP ribosylates RhoA, B, and C (Aktories et al., 1987; Wilde 
and Aktories, 2001). 

It was assumed that Rho function is blocked due to sterical hinderance 
of the GTPase-effector interaction, because the modified residue is located 
close to the effector region. However, recent studies indicate that ADP- 
ribosylated Rho is still able to interact with at least some effectors (Genth 
et al., 2003b). However, the rate of activation of Rho by exchange factors 
(e.g., Lbc) is diminished by ADP-ribosylation (Genth et al, 2003b), and it was 
suggested that ADP-ribosylation prevents the conformational change, occur- 
ring subsequently with GDP/GTP exchange (Genth et al., 2003a). Moreover, 
ADP-ribosylated Rho is released from membranes and forms a tight complex 



x 



> 



< 



with GDI, a guanine nucleotide dissociation inhibitor, which keeps Rho in 
its inactive GDP-bound form in the cytosol (Genth et al., 2003a). 

C3-like exoenzymes consist of only the enzyme domain and lack a specific 
cell membrane-binding and translocation unit. The uptake of C 3 -like toxins 
into target cells and their potential roles as virulence factors are not well 
understood. Two explanations are possible. First, it was suggested that the 
enzymes (at least those produced by S. aureus) are directly released into the 
cytosol from bacteria, which are capable of invading eukaryotic target cells 
(Wilde et al., 2001). Second, uptake of C3 exoenzymes might depend on the 
presence of bacterial pore-forming toxins, which facilitate translocation. C3 
toxins are widely used to inactivate RhoA. For the use of the RhoA-specific 
C3 toxins as pharmacological tools, toxin chimeras, consisting of C3 and the 
binding and translocation domain of "complete" toxins (e.g., C. botulinum C2 
toxin), have been constructed (Barth et al., 2002). 
o Large clostridial cytotoxins comprise a second family of Rho protein inac- 

< tivating toxins. These toxins modify the GTPases by glucosylation (Busch and 

Aktories 2000; Just et al., 1995; Just et al, 2000). Members of this toxin family 
are C. difficile toxins A and B, including various isoforms, the lethal and the 
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^ haemorrhagic toxins from C. sordellii, and the alpha toxin from C. novyi. 
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a All these toxins are single-chain proteins with molecular masses of 250 
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X to 308 kDa and encompass a catalytic domain and a specific binding and 

u 

" translocation domain. The substrate specificity of large clostridial toxins is 

g broader than that of C3-like toxins. For example, C. difficile toxins A and 

o B glucosylate many GTPases of the Rho family, including Rho A, B and 

C, Rac and Cdc42. C. sordellii lethal toxin possesses a different substrate 
specificity and modifies Rac but not RhoA. In addition, Ras subfamily pro- 
teins (e.g., Ras, Ral, and Rap) are glucosylated (Just et al., 1996). C. novyi 
toxin, which shares the substrate specificity of toxin B, is an O-GlcNAc 
transferase. 

All these transferases modify a highly conserved threonine residue (e.g., 
Thr37 in RhoA) in the switch 1 region of the GTPases, which is involved 
in Mg 2+ and nucleotide binding. Modification of this threonine residue 
by mono-O-glucosylation has the following effects: (1) causes inhibition of 
the interaction of GTPases with their effectors; (2) increases membrane 
binding; (3) blocks activation by exchange factors; and (4) inhibits intrin- 
sic and GAP-stimulated GTPase activity (Genth et al., 1999; Sehr et al., 
1998). The toxins are taken up from an acidic endosomal compartment 
and glucosylate RhoA, Rac, and Cdc42 in the cytosol (Barth et al., 2001). 
Glucosylating toxins are also widely used as tools to study the functions of 
GTPases. 



Inactivating Rho GTPases is not the only way to influence signal trans- 
duction pathways of mammalian host cells. Rho proteins are also activated 
due to covalent modification catalysed by bacterial protein toxins like the cyto- 
toxic necrotizing factors CNF1 and CNF2 from E. coli and the dermonecrotic 
toxin DNT from Bordetella species (described below). Recent studies indicate 
that Rho proteins are not exclusively covalently modified by bacterial toxins. 
Some bacterial effectors, like the Salmonella SopEs and SptP, modulate the 
activity of Rho GTPases by acting as regulatory proteins with GAP (SptP) or 
GEF (SopEs) functions (see Chapter 6). 

CNFs Activate Rho GTPASES 

In 1983, Caprioli and co-workers isolated a toxin from an Escherichia coli 
obtained from enteritis-affected children. Because of the necrotising effects o 

on rabbit skin they called the toxin CNF (cytotoxic necrotizing factor) (Caprioli 
et al., 1983). Besides the skin necrotising action, CNF turned out to be lethal 3 

for animals after i.p. injection. The lethal dose (LDs 0i m i ce ) was estimated £ 

to be about 20 ng of purified material (de Rycke et al., 1997). Studies with - 

cultured cells revealed typical morphological changes, cell body enlargement, % 

stress fibre formation, and multinucleation. Subsequently, CNF1 and later g 

the homologue CNF2, first named Vir cytotoxin (Oswald et al., 1989), was 
found in various pathogenic E. coli strains isolated from animals (e.g., piglets 
and calves) (de Rycke et al., 1987; de Rycke et al., 1990) and man. 

Structure and Up-Take of CNFs 

CNF1 and CNF2 are closely related toxins, sharing more than 90% identity 
in their amino acid sequences (Oswald et al., 1994). Whereas CNF1 is chro- 
mosomally encoded, CNF2 is encoded by transmissible plasmids (Oswald 
and de Rycke, 1990). Both toxins are single-chain proteins with molecular 
masses of about 115 kDa. They are constructed like AB toxins, with the cell- 
binding and catalytic domains located at the N terminus (amino acids 53 to 
190, cell-binding domain) and C terminus (amino acids 720 to 1014, catalytic 
domain) of the toxin, respectively (Lemichez et al., 1997). The central part 
appears to be involved in membrane translocation. The receptor for the entry 
of the toxin into cells is still unknown. Uptake of CNF appears to occur by 
clathrin-dependent and -independent endocytosis, which is followed by cell 
entry from an acidic endosomal compartment (Contamin et al., 2000). Re- 
cently, two hydrophobic helices (aa350-412), which are separated by a short 
loop (aa 373-386), have been suggested to be involved in membrane insertion 
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Figure 3.3. Molecular mechanism of Rho activation by CNF and DNT. Glutamine 63 of 
RhoA (Gin 61 of Rac and Cdc42) is essential for the hydrolysis of bound GTP. CNF and 
DNT deamidate this glutamine residue, creating glutamic acid, and the GTP hydrolysing 
activity of the GTPase is blocked. In the presence of primary amines, the toxins can 
polyaminate Rho at the same residue, thereby also blocking hydrolysis of GTP. 
Polyamination is the preferred activity of DNT whereas CNF is a better deamidase. 



in a similar manner to the hairpin helices TH 8-9 of diphtheria toxin (Pei 
et al, 2001). 

Mode of Action of CNFs 

CNFs are cytotoxic for a wide variety of cells, including 3T3 fibroblasts, Chi- 
nese hamster ovary cells (CHO), Vero cells, HeLa cells, and cell lines of neu- 
ronal origin. The toxins lead to enlargement and flattening of culture cells 
in a time- and concentration-dependent manner. These changes are accom- 
panied by transient and early formation of filopodia and membrane ruffles 
and a dense network of actin stress fibres, indicating that Rho proteins are 
involved in the action of these toxins. CNFs change the migration behaviour 
of Rho in SDS-PAGE (Oswald and de Rycke, 1990). This finding suggested a 
covalent modification of Rho GTPases by CNFs and allowed the elucidation 
of their mode of action. To this end, mass spectrometric analysis showed that 
CNF1 causes an increase in mass of RhoA by 1 Da. This change in mass is 
due to a deamidation at glutamine 63 of RhoA (see reaction scheme in Fig- 
ure 3.3). Glutamine 63 in RhoA is essential for the GTP hydrolysing activity 
of the GTPase. Thus, GTP hydrolysis is blocked after treatment of Rho with 
CNF1. 

Moreover, the stimulation of RhoA GTPase activity by GAP is blocked 
after CNF1/2 treatment and RhoA is held constitutively active. Similarly, 
Rac and Cdc42 are deamidated by CNF (Lerm et al., 1999b). Deamidation 



occurs at the equivalent amino acid residue glutamine 61. Although CNF is 
highly specific for Rho GTPases, recent studies show that even a small pep- 
tide covering the switch-II region of Rho GTPases is sufficient for substrate 
recognition by CNFs. 

The crystal structure of the enzyme domain of CNF 1 has been solved 
(Buetow et al., 2001), showing a novel protein fold. The structure confirmed 
the previous suggestions that CNF belongs to the catalytic triad family. In 
fact it was shown that a cysteine (Cys 866) and a histidine residue (His 881) 
are essential for enzyme activity (Schmidt et al., 1998). As identified from the 
crystal structure, the third "catalytic" residue appears to be a valine residue 
(Val 833), a finding which is rather unusual among catalytic triad enzymes 
(Buetow et al., 2001). Crystallisation of catalytic domains of various bacte- 
rial enzyme toxins (e.g., ExoS GAP domain [Wiirtele et al., 2001]), which 
share regulatory mammalian counterparts, indicates that the overall struc- o 

ture of the enzyme domain of bacterial toxins is not necessarily similar to 
their mammalian counterparts. The same is true for the catalytic domain of tjj 

CNF1, which exhibits a different protein fold as compared with mammalian £ 

transglutaminases (Pedersen et al., 1994). A reason for the high specificity - 

of CNF may be the existence of a deep cleft in the molecule with the cat- % 

alytic cysteine at the bottom (Buetow et al., 2001). Recently, a potential role in g 

substrate recognition has been described for three of nine loops located on 
the surface of the catalytic domain of CNF1 (Buetow and Ghosh, 2003). The 
structure of the CNF1 catalytic region contributes to the idea of a convergent 
evolution of the toxins and mammalian enzymes with the same mechanism, 
rather than gene transfer. 

Cell Biological Effects 

As already mentioned, the effects of CNF in cultured cells are characterised 
by major changes of actin structure, including stress fibres, lamellipodia, 
and filopodia. An increase in the formation of lamellipodia and membrane 
ruffles is prototypic for enhanced phagocytic and endocytic activity. Accord- 
ingly, activation of Rho GTPases by CNF induces phagocytic behaviour and 
macropinocytosis in mammalian cells (e.g., human epithelial cells), which 
are non-professional phagocytes (Falzano et al., 1993; Fiorentini et al., 2001). 
Quite early, it was found that CNF causes phosphorylation of paxillin and 
Fak kinase, which are known to be involved in nuclear signalling. This path- 
way is Rho dependent but does not involve the classical Map kinase pathway 
(Lacerda et al., 1997). One of the most striking effects observed with CNF is 
the formation of multinucleation (Oswald et al., 1989). The effect might be 
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caused by blocking cell division without changes in nuclear cycling, or by in- 
crease in the rate of nuclear cycles within one cell division cycle (Denko et al. 
1997). Recent data show that CNF2 uncouples S-phase from mitosis. Thus, 
it affects cytoplasmic division and removes the requirement for a complete 
mitosis before starting another S-phase. CNF increases the expression of the 
cyclooxygenase-2 gene in fibroblasts (Thomas et al., 2001). This finding is of 
importance because an increase in cyclooxygenase expression is observed in 
several tumours and it has been suggested that lipid mediators produced by 
the enzyme are responsible for tumour progression (Oshima et al., 1996). 

Rac, which is also a substrate for CNF-induced deamidation, is involved 
in Jun kinase activation and, therefore, CNF1 causes activation of this kinase. 
Surprisingly, c-Jun kinase activity is only transiently increased after CNF 
treatment of cells, although the GTPases are constitutively activated (Lerm 
et al., 1999b). Recently, the reason for the transient activation was identified 
o as degradation of CNF-activated Rac by a proteasome-dependent pathway 

< (Lerm et al., 2002). Thus, it appears that the targeted cell is able to block the 

in 

2 persistent activation of Rac induced by deamidation by rapid degradation. So 

w far, it is not clear whether degradation of activated Rac is part of a general 

^ mechanism in mammalian cells to limit "overactivation" of GTPases or due 

g to subtle structural changes induced by the deamidation. 

S 
a 

u 

j5 DERMONECROTIC TOXIN (DNT) FROM BORDETELLA 

a 

o A similar mechanism of Rho modification as described for CNF1 was re- 

ported for the CNFl-related dermonecrotic toxin (DNT) from Bordetella 
species (Horiguchi et al., 1997; Horiguchi 2001; Kashimoto et al, 1999; 
Schmidt et al, 1999). 

DNT is produced by Bordetella pertussis, B. parapertussis, and B. bronchisep- 
tica. Its name is derived from dermonecrotic effects caused by intradermal 
injection of the purified toxin (Horiguchi et al, 1989). DNT is a large, 160-kDa 
heat-labile protein, which shares significant sequence similarity with CNF 
(Figure 3.4). The sequence similarity is restricted to the C terminus of DNT 
and CNF, which in part harbours the catalytic activity of the deamidase, 
suggesting that both toxins share a similar molecular mechanism. In fact, 
DNT induces similar if not identical morphological changes (enlargement 
of cells, multinucleation, actin polymerisation) as CNF. Moreover, it was 
demonstrated that DNT causes a covalent modification of Rho, resulting 
in slightly slower migration of the GTPase in SDS-PAGE (Schmidt et al., 
1999). In line with this notion, it was demonstrated that CNF1 and DNT 
induce deamidation of Rho at position Gln63. Similarly, as for CNF, the 
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Figure 3.4. Homology between CNF1 and DNT. CNF and DNT consist of 1014 and 1451 
amino acids, respectively. The toxins share homology within their catalytic domains 
( ACNF, aa 709 to 1014 and ADNT, aa 1136-1451) that are located at the C termini of the 
proteins. Highest sequence similarity is observed in a stretch of 64 amino acid residues, 
which covers residues 1250 through 1314 of DNT, showing ~45% sequence identity, 
whereas the amino acid sequence of the whole catalytic domain of DNT is only ~13% 
identical with the sequence of the catalytic domain of CNF1. 



DNT targets are not only Rho but also Cdc42 and Rac. Both toxins were 
shown to catalyse the polyamination of glutamine 63/61 of Rho GTPases in 
the presence of rather high concentrations of amines. However, it appears 
that DNT prefers transglutamination, whereas CNF is primarily a deamidase 
(Figure 3.3) (Schmidt et al., 1999). Recently, putrescine, spermidine, and 
spermine have been identified as in vivo substrates for the transglutamina- 
tion (Masuda et al. 2000; Schmidt et al. 2001). Lysine is a very good substrate 
for transglutamination by DNT at least in vitro (Schmidt et al., 2001). 
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STRUCTURE-FUNCTION RELATIONSHIP BETWEEN 
CNFsAND DNT 

CNFs and DNT are both AB toxins, with a cell-binding domain located at 
the N-terminus and a C-terminal catalytic domain. Amino acids 1 to 531 of 
DNT blocked the intoxication of cells by full-length DNT, suggesting that this 
fragment retains the cell-binding domain of DNT (Kashimoto et al., 1999). 
More recently, the receptor-binding domain of DNT was mapped to amino 
acids 1 to 54 (Matsuzawa et al., 2002). Moreover, a Furin cleavage site within 
this binding domain was identified. Proteolytic processing of DNT by Furin 
seems to be necessary for translocation of the toxin across cellular membranes 
(Matsuzawa et al., 2004). It is of interest that the Pasteurella multocida toxin 



shares significant sequence similarity with the N terminus of DNT and with 
the transmembrane domain of CNF (see Chapter 2). Thus, it is suggested that 
both DNT and PMT share the same or the same type of membrane receptors, 
however, not the same molecular mechanism (Lemichez et al., 1997; Walker 
and Weiss, 1994). 

As the catalytic domain of DNT is located at the C-terminus, a fragment 
of DNT was constructed covering residues 1136 through to 1451, which was 
fully active to cause transglutamination and deamidation of RhoGTPases 
in vitro. The highest sequence similarity with CNF is observed in a stretch 
of 64 amino acid residues, which covers residue 1250 through to 1314 of 
DNT, showing ~45% sequence identity, whereas the amino acid sequence 
of the minimal active fragment of DNT (residues 1136-1451) is only ~13% 
identical with the sequence of the minimal active fragment of CNF1 (residues 
709-1014). 
o As mentioned above, the catalytic triad of CNF shares a typical cys- 

< teine and histidine residue with the catalytic centre of transglutaminases. 

DNT also possesses these conserved cysteine and histidine residues, which 
are Cys 1292 and His 1307. These catalytic residues share the same SpaC- 
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^ ing as in CNF. However, biochemical studies also indicate differences in 
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a the enzyme activities of DNT and CNFs. For example, the minimal Rho 
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X sequence allowing deamidation or transglutamination by CNF1 is a pep- 

u 

" tide covering mainly the switch-II region (D59-D78) of RhoA. By contrast, 

g DNT appears to need further interaction sites, and modifies exclusively the 

o GDP-bound form of Rho GTPases (Lerm et al., 1999a). Therefore the en- 

zyme substrate interaction for DNT appears to be more complex than for 
CNFs. 



CNFs AND DNT AS VIRULENCE FACTORS 

Initially, the role of CNF as a virulence factor was debated. However, recently, 
several studies have suggested that CNFs are important for E. coli-caused dis- 
eases. It has been shown that colonisation and tissue damage of the urinary 
tract of mice induced by CNF-producing E. coli strains are more severe than 
with CNFl-deficient isogenic strains (Rippere-Lampe et al., 2001b). The same 
group has reported that tissue damage of rat prostates with CNFl-producing 
uropathogenic E. coli strains is more extensive than after infection with iso- 
genic CNFl-negative mutants (Rippere-Lampe et al., 2001a). Furthermore, 
it was reported that the toxin is involved in the in vitro invasion of brain 
microvascular endothelial cells by E. coli and contributes to the traversal of 
the blood-brain barrier in a meningitis animal model (Khan et al., 2002). 



In contrast, no difference between CNF-producing and -deficient strains has 
been found when studying lung and serosal inflammation (Fournout et al., 
2000). Nevertheless, taken together, one can say that CNF1 is involved in 
E. coli virulence and pathogenicity. 

Another topic is of interest and concern. Rho-GTPases are increasingly 
recognised to be essential for proliferation, development of cancer, and 
metastasis. Because CNFs cause activation of Rho GTPases and mediate 
signalling leading to cell transformation, it is feasible that chronic carriers 
of CNF-producing E. coli might be challenged by a tumourigenic potential 
of the toxin (Lax and Thomas, 2002). This might be especially important for 
prostate carcinoma and colon tumours. In this respect, it appears important 
that CNFs also affect apoptotic processes. Although an increase in apoptosis 
by CNF was observed in uroepithelial 5637 cells (Mills et al., 2000), major 
anti-apoptotic effects of CNF were also reported (Fiorentini et al., 1998). The o 

differences in outcome might be due to differences in cell types or toxins 
concentration. tjj 

The role of DNT as a virulence factor of Bordetdla bronchiseptica, B. per- £ 

tussis, and B. parapertussis is also not precisely defined. In fact, the toxin was - 

described quite early as a virulence factor for whooping cough (Horiguchi, % 

2001). However, it is now accepted that DNT is not a major factor involved in g 

this disease. By contrast, DNT is considered to be one of the major virulence 
factors in turbinate atrophy in pigs (Magyar et al., 1988). Its role in the patho- 
genesis of respiratory diseases has been shown by comparing isogenic DNT 
mutants with the corresponding wild-type strains in the efficiency of colo- 
nization of the respiratory tract of pigs. These studies showed that production 
of DNT by B. bronchiseptica is essential to induce lesions of turbinate atrophy 
and bronchopneumonia in pigs (Brockmeier et al., 2002). Accordingly, DNT 
was reported to affect osteoblastic MC3T3-E1 cells in vitro and to impair bone 
formation in neonatal rats (Horiguchi et al., 1995). 



CONCLUSIONS 

The deamidating and transglutaminating toxins CNFs and DNT, which ac- 
tivate Rho GTPases, have multiple effects on morphology, motility, prolif- 
eration, differentiation, and apoptosis of cells. Recent studies have shown 
that CNFs and DNT are major virulence factors in various infection models. 
Moreover, because Rho GTPases are crucial switches in signalling pathways 
responsible for cell transformation and metastasis, it is plausible (although 
still speculative) that they play a potential role in the pathogenesis of certain 
types of cancer. 
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CHAPTER 4 



Cytolethal distending toxins: A paradigm for 
bacterial cyclostatins 



Bernard Ducommun and Jean De Rycke 



During the last 10 years, information has accumulated showing that 
pathogenic bacteria can produce various proteins able to block the eukary- 
otic cell cycle or delay its progression. These observations raise the attractive 
hypothesis that control of cell proliferation is a real strategy of pathogenic- 
ity, giving an evolutionary advantage to bacteria, and not simply a fortuitous 
effect observable in cell cultures, the interest of which would eventually be 
confined to cellular biologists or pharmacologists. The ultimate objective of 
this chapter is to analyse critically the pertinence of this candidate concept 
within the field of cellular microbiology (Cossart et al., 1996; Henderson et al., 
1998) and to propose tentative criteria to define what we suggest calling bac- 
terial cyclostatins. 

We have chosen cytolethal distending toxin (CDT) as a prototype cy- 
clostatin. From a probable common ancestor, CDT has spread through the 
bacterial world and it can be found in several Gram-negative pathogenic bacte- 
ria, constituting a family of toxins sharing common molecular and biological 
properties in spite of a large genetic dispersion (De Rycke and Oswald, 2001). 
The presence of a CDT homologue in various unrelated bacterial species 
is peculiar and suggests that CDT confers a strong selective advantage to 
producing bacteria, possibly helping adaptation to the host and ecological 
niche, or increasing pathogenicity. Another major interest in using CDT as 
a prototype cyclostatin is that a consistent picture of its mode of action on 
mammalian cells is now emerging, as a result of intensive research effort in 
recent years by several teams of investigators. The expertise acquired with 
CDT may aid in the study of other putative bacterial cyclostatins which have 
been described in the literature. 

We will first briefly review our current knowledge of the molecular pro- 
cesses controlling cell cycle progression and of the checkpoint mechanisms 
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Figure 4.1. Cell Cycle control in animal cells, a) Cyclin-dependent kinases complexes. 
CDK/cyclins complexes regulate progression during the cell cycle (Nurse, 1990). Mitotic 
cyclins A and B accumulate throughout interphase, peaking at mitosis before being 
actively degraded by a mechanism that is dependent on the proteasome pathway. Other 
cyclins accumulate and peak during specific windows of the cell cycle; for example, cyclins 
D are expressed in Gl and degraded upon entry into S-phase. The CDK4/cyclins D as well 
as CDK2/cyclin E complexes phosphorylate substrates such as the pRB protein (Sherr, 



that ensure the fidelity of the cell cycle and its adaptation to intra- and extra- 
cellular cues. We will then present the work from several laboratories that 
has been performed recently to examine the action of CDT and to identify its 
molecular targets. We will mainly focus on the biological and in vivo aspects 
of cell intoxication by CDT. At this point, we will compare CDT with other 
potential cyclostatins described in the literature. Finally, we will propose a 
general scheme to address the basic experimental cell biology questions that 
have to be answered in order to qualify a bacterial product as a true cyclostatin. 

CELL CYCLE AND CHECKPOINTS 

Proliferating eukaryotic cells divide into two daughter cells with strictly iden- 
tical genomes. The central mechanism, at the heart of this process, is con- 
trolled by a family of enzymes, namely the Cyclin-Dependent Kinases or 
CDK, which is conserved in every eukaryotic organism (Pines, 1995). These h 

kinases, in association with cyclins, regulate entry into mitosis and control § 

the various steps of the progression through the cell cycle (Figure 4.1a). The £ 

activity of the CDK/cyclin complexes is tightly regulated and adapted to var- n 

ious intra- and extra-cellular parameters. First of all, the catalytic activity of '- 

CDK requires association with its cyclin. As their name implies, cyclins are 
proteins whose abundance varies during the cell cycle, being actively de- 
graded by a mechanism that is dependent on the proteasome pathway. A 
balance between CDC25 phosphatases and WEE1 kinase activities is central 
to the accumulation of the CDK/cyclin complex in an inactive state, or in its 
activation and in the firing of its catalytic activity (Figure 4. lb) . The regulation 



1994), thus setting up the conditions required for progression into S-phase. CDK2/cyclin 
A is involved in the control of S-phase. CDKl/cyclin A and CDKl/cyclin B 
phosphorylation activities are essential for the major architectural and biochemical events 
leading to mitosis, b) Regulators of CDKs. The activity of CDC25 is essential to allow entry 
into mitosis because it activates the CDKl/Cyclin B kinase by dephosphorylation of two 
critical residues, threoninel4 and tyrosine 15 (Nilsson and Hoffmann, 2000). These two 
positions are phosphorylated by WEE1 and related kinases that therefore play inhibitory 
roles on entry into mitosis (Rhind and Russell, 2001). In humans, the CDC25A 
phosphatase is involved in the activation of the CDK2/cyclin E complex, while the 
phosphatases CDC25B and CDC25C are responsible for the activation of the mitotic 
CDK/cyclin complexes. There are two families of Cyclin-dependent Kinases Inhibitors 
(CKI) in vertebrates. Members of the first one, including p21Cipl, p27Kipl and p57Kip2, 
associate with the CDK/cyclin complex to inhibit its catalytic activity (Ball, 1997). The 
second family of inhibitors includes pl5, pl6, pl8, pl9 that act by competing with cyclin 
for association with CDK (Carnero and Hannon, 1998). 
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Figure 4.2. Checkpoints and targets, a) Mitotic checkpoint. Simplified view of the spindle 
assembly checkpoint. The activation of the mitotic checkpoint, also called Spindle 
Assembly Checkpoint (SAC), involves a signalling cascade implicating several actors that 
are partly identified (MPS1, MAD2, BUB2, . . .). Detection of spindle abnormalities or lack 



of the activity of the CDK/cyclins complexes is also ensured by a family 
of inhibitory molecules called CKI, for Cyclin-dependent Kinase Inhibitors 
(Sherr and Roberts, 1999). For instance, p21, the expression of which is 
dependent on the p53 tumour suppressor, arrests cell cycle progression by 
inhibiting the activity of the CDK/cyclin complexes. 

How does the cell control those events that are essential for ensuring the 
integrity of the genome and for cell survival, such as the completion of DNA 
replication, the absence of DNA damage, and the integrity of chromosomes 
and their correct segregation? The simplest response is to block cell cycle 
progression when the slightest abnormality is discovered and at the same 
time to activate repair mechanisms. When the deleterious risk has been dealt 
with the cell cycle can then restart. It is thus essential that abnormalities and 
damage be efficiently detected, and the information correctly and efficiently 
transduced to the cell cycle machinery (Zhou and Elledge, 2000). Q 



of chromosome attachment leads to the inhibition of the activity of the Anaphase 
Promoting Complex (APC/cyclosome) (Morgan, 1999). This enzymatic complex with 
ubiquitin ligase activity activates the degradation of the molecules responsible for the 
cohesion between sister chromatids (CDC20 dependent), as well as the degradation of the 
cyclins (HCT1 dependant) to turn off the activity of mitotic CDK/cyclin complexes, 
b) DNA damage checkpoint. Simplified view of the DNA damage activated checkpoint. 
Detection of DNA damage leads to the activation of ATM and ATR kinases. 
Phosphorylation and stabilisation of p53 result in the accumulation of the p21Cipl 
inhibitor that subsequently leads to the inhibition of the activity of the CDK/cyclin 
complexes at the Gl/S transition (Zhou and Elledge, 2000). Upon phosphorylation of 
CHK1 and CHK2 kinases by ATM/ATR, CDC25 is phosphorylated. This modification 
leads to the association to proteins of the 14.3.3 family and to its cytoplasmic retention 
(Bulavin et al., 2002; O'Connell et al., 2000). This might also be responsible for a decrease 
of the CDC25 phosphatase activity. This results in the inability of CDC25 to activate the 
CDK/cyclin complexes and to the arrest of the cycle at the G2/M transition. 
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H 

Mitotic spindle defects or the failure of chromosome attachment to the > 

spindle activate a checkpoint that leads to cell cycle arrest at the transition " 

between metaphase and anaphase, when the division of the genome into 
identical sets must be performed. This mitotic spindle assembly checkpoint fi 

(SAC) involves sensing proteins that are able to detect any tension abnor- 
malities between chromosomes and microtubules (see Figure 4.2a for more 
details on the molecular aspects). Recently, Gachet et al. (2001) have de- 
scribed a new mitotic checkpoint that monitors the integrity of the actin 
cytoskeleton and delays sister chromatid separation, spindle elongation, and 
cytokinesis until spindle poles have been properly oriented (Gachet et al., 
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2001). Whether this mitotic checkpoint exists in higher eukaryotes has not 

yet been demonstrated. Similarly, it has been reported in budding yeast that 

actin network disorganisation is able to trigger a G2 delay (Harrison et al., 

2001). However, alteration of the actin cytoskeleton does not always result 

in the activation of a checkpoint mechanism and can give rise to a binucle- 

ated cell (Robinson and Spudich, 2000), as with toxins that affect Rho (see 

Chapter 3). 

Upon detection of DNA damage or incomplete DNA replication, a 

signalling cascade involving the PI3 kinases ATM (Ataxia Telangiectasia 

Mutated) and ATR (Ataxia Telangiectasia and rad3-related kinase) is activated. 

These kinases phosphorylate various substrates, including the p53 tumour 

suppressor and the checkpoint kinases CHK1 and CHK2 (Walworth, 2001). 

As schematically presented in Figure 4.2b, different pathways involving the 

p21 inhibitor and the CDC25 phosphatases will thus be activated to stop 

the cell cycle. As anticipated from this model, cells deficient for p53, as is the 

case in a large number of tumour-derived models, will block their cell cycle 

< less efficiently in Gl and will stop mostly at the G2/M transition. 

o Signalling pathways involving the ERKs, their regulators, and their sub- 

"* strates ensure that coordination exists between extracellular signals and the 

2 cell cycle machinery. The major impact of the extracellular signals occurs in 

o Gl when the availability of growth factors is sensed, decoded, and transduced 

u 

g to allow an adapted cellular response such as the transcription and the accu- 

g mulation of type D cyclins. These cyclins are then able to form complexes with 

§ CDK that drive the cell into S-phase, unless their activity is repressed by asse- 

ss ciationwithCKI (Sherr and Roberts, 1999). Thus, extracellular parameters are 

taken into account by the cell and converted into proliferative or antiprolifer- 
ative information. For instance, NGF induces the expression of CKIs such as 
p21, leading to the inactivation of Gl CDK/cyclin complexes and resulting in 
cell cycle arrest prior to the initiation of neuronal differentiation (Billon et al., 
1996). In some cases, it seems that growth factor signalling pathways are 
also able to target G2 events. For instance, high levels of Epidermal Growth 
Factor (EGF) have been shown to transiently inhibit the transition from G2 
to mitosis (Kinzel et al., 1990). The molecular nature of that effect is not fully 
elucidated, although it has been suggested that EGF prevents CDC25C acti- 
vation (Barth et al., 1996). Recently, it has been shown that ErbB2, a receptor 
tyrosine kinase belonging to the EGF-receptor subfamily, is able to bind and 
specifically phosphorylate CDK1 on Tyr 15, thus delaying entry into mitosis. 
Breast cancer cells and tumours have been shown to overexpress ErbB2, and 
this is suspected to contribute to their resistance to Taxol-induced apoptosis 
(Tan et al., 2002). 
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Each of the mechanisms and each of the steps in the signalling pathways 
described represents a potential target that a pathogenic organism can use to 
block or perturb the host cell cycle and favour its own proliferation. 

CDT AS A PROTOTYPIC CYCLOSTATIN 

CDT and the Cell Cycle: From G2 Arrest to DNA 
Damage Checkpoint 

Cytolefhal Distending Toxin (CDT) was first described in 1987 as an activity 

contained in Escherichia coli bacterial supernatants that caused progressive 

cell enlargement and eventual cell death (Johnson and Lior, 1988). CDT was 

subsequently identified in a range of unrelated bacterial species including 

Shigella dysenteriae (Okuda et al., 1997), Actinobacillus actinomycetemcomitans 

(Sugai et al., 1998), and Haemophilus ducreyi (Cope et al., 1997). Initial studies 3 

on the mode of action of CDT led to the first observation that CDT-intoxicated > 

HeLa cells were arrested in the G2-phase of the cell cycle (Peres et al., 1997). " 

The effect of CDT on the cell cycle of a large number of human cell lines has 

been investigated over the last few years. As summarised by Cortes-Bratti fi 

et al. (2001a), with the exception of human foreskin and embryonic lung 

fibroblasts, which are arrested in either Gl- or G2-phases, all cell lines tested 

so far (including epithelial, B and T cells) arrested their cycle in G2 and 

eventually entered an apoptotic process (Cortes-Bratti et al., 2001b; De Rycke 

etal., 2000). 

As the CDKl/cyclin B complex activity is a key player in the regulation 
of the G2-phase to mitosis transition, its activity in CDT-treated cells was 
examined. CDKl/cyclin B was found to be present in an inactive, hyper- 
phosphorylated state (Comayras et al., 1997). The CDKl/cyclin B complex 
retrieved from CDT-treated cells could be reactivated in vitro using recombi- 
nant CDC25 phosphatase (Sert et al., 1999), thus eliminating the possibility 
that association with a CKI such as p21Cipl was responsible for CDK1 inac- 
tivation. In vivo, the accumulation of inactive CDK/cyclin B correlated with 
the exclusion of CDC25C from the nucleus (Alby et al., 2001). Expression 
of either CDC25B or CDC25C in CDT-treated HeLa cells reversed the cell 
cycle arrest, driving the cell into an abnormal mitotic process (Escalas et al., 
2000). Taken together, these results strongly indicate that the CDT-induced 
cell cycle arrest was dependent on a regulatory event upstream of CDC25. 

This phenotype is similar to that seen in G2 arrest activated by DNA 
damage - for example, in the ability to be rescued by caffeine (Sert et al., 
1999). However, because initial studies using the "comet" assay were unable 
to detect DNA damage in CDT-treated cells (Sert et al, 1999), it was initially 
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hypothesised that CDT was able to highjack this pathway and to illegitimately 
activate one of its steps. As already presented (Figure 4.2b), cell cycle arrest in 
G2 in response to DNA injury is dependent on the activation of a transduc- 
tion cascade that includes ATM/ATR and the checkpoint 1/2 kinases. Studies 
performed in the authors' laboratories demonstrated that Chk2 kinase was 
indeed activated upon CDT intoxication in HeLa cells (Alby et al., 2001). 
The involvement of its upstream regulator, the ATM kinase, was suggested 
from work performed using ATM-deficient cells (Cortes-Bratti et al., 2001b; 
Li et al., 2002). In human fibroblasts that arrest their cell cycle in Gl in re- 
sponse to CDT treatment, p53 and its transcriptional target p21Cipl were 
activated similarly to that observed upon treatment with ionising radiation 
(Cortes-Bratti et al., 2001b). Finally, it has recently been shown in HeLa cells 
that CDT induces phosphorylation of histone H2AX and relocalisation of the 
DNA repair complex Mrel 1 , similarly to that observed after exposure to ionis- 
ing radiation (Cortes-Bratti et al., 2001b; Li et al., 2002). The likely conclusion 
emerging from these studies is that CDT is indeed a DNA-damaging agent. 

< A summary of the major findings depicting the effects of CDT on cell cycle 

o control is shown in Figure 4.3. 

< 

o 

^ CDT-B is the Catalytic Subunit 

o 
u 
g Of the three subunits CDT-A, CDT-B, and CDT-C making up the holotoxin, 

g it is now established that CDT-B bears the catalytic activity (Elwell et al., 

g 2001; Elwell and Dreyfus, 2000; Lara-Tejero and Galan, 2000). Cytosolic ex- 

« pression of CDT-B alone does reproduce the cytostatic effect of the holotoxin 

(Elwell et al, 2001; Lara-Tejero and Galan, 2000; Mao and DiRienzo, 2002). 
Although CDT subunits bear no significant sequence similarity with proteins 
present in databases, the putative nature of the CDT-B enzymatic property 
was approached using three-dimensional structure sequence analysis (De 
Rycke and Oswald, 2001; Elwell and Dreyfus, 2000; Lara-Tejero and Galan, 
2000). The CDT-B structure has the best compatibility score with a broad fam- 
ily of enzymes sharing phosphodiesterase activity, such as human DNase-I, 
human DNA repair endonuclease Hapl, exonuclease III from E. coli, and 
also with certain sphingomyelinases and inositol phosphatases. Despite the 
lack of overall sequence identity with these proteins (less than 15%), most of 
the catalytic and ion metal binding sites are conserved. Moreover, mutation 
of these potentially critical residues abrogates the cytostatic activity of the 
toxin, which demonstrates unambiguously the role of the phosphodiesterase 
catalytic site in the cell cycle activity of the toxin (Elwell and Dreyfus, 2000; 
Lara-Tejero and Galan, 2000). 
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(1 ) Elwell and Dreyfus, 2000; (2) Lara-Tejero and Galan, 2000; (3) Li et al. 2002; (4) Cortes-Bratti et 
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Figure 4.3. CDT and cell cycle control. Involvement of the actors of the DNA damage 

checkpoint cascade was investigated, from the first observation (bottom) to the recent 

evidence for a DNA damaging activity (top). 

Based on the nature of the conserved catalytic residues, CDT-B is not 
more closely related to DNase-I than to the other phosphodiesterases men- 
tioned above (De Rycke and Oswald, 2001) . Moreover, as developed later, DNA 
damage is not the only primary event able to trigger a signal cascade leading 
to a cell cycle block in G2. However, several complementary observations 
suggest that nuclear DNA is the primary target of CDT-B. (1) Firstly, nu- 
clear translocation was demonstrated in COS-1 cells either transfected with 
a plasmid encoding tagged CDT-B, or after microinjection of the purified 
toxin (Lara-Tejero and Galan, 2000). In the above experiments, CDT-B tran- 
sient expression caused marked chromatin disruption, which was abrogated 
with CDT-B mutants that had substitutions in residues putatively required 
for catalysis or magnesium binding. (2) Secondly, this observation was con- 
firmed in a yeast model, where ectopic expression of CDT-B recapitulates 
the major effects observed with CDT-treated mammalian cells together with 



an extensive chromosome degradation, occurring as early as 4 h after CDT- 

B expression (Hassane et al., 2001). Here again, the effects of CDT-B were 

dependent upon the integrity of the putative catalytic sites of the molecule. 

(3) Thirdly, purified CDT-B or holotoxin used at very high concentration was 

also reported to cause a DNA-nicking effect on supercoiled plasmid DNA in 

vitro (Elwell et al., 2001). (4) Lastly, highly concentrated Haemophilus ducreyi 

CDT was shown to induce double-strand breaks in culture cells after 8 hours 

of exposure, as detected in pulsed field gel electrophoresis (Frisan et al., 2003). 

Although the above results are consistent with the hypothesis that DNA 

is the primary target of CDT-B, caution must be exercised as to the actual 

relevance to "physiological" exposure. All the results described above were 

obtained in somewhat extreme conditions, i.e., with a toxin concentration 

probably far above that required to trigger the cell cycle block. In contrast, no 

g detectable genomic alteration has been observed in mammalian cells exposed 

►j to closer-to-physiological doses causing total cell cycle block in G2 (Sert et al, 

a 1999). These apparent discrepancies between concentrations sufficient to 

< induce the G2 block and those required to cause genomic alteration warrant 

o closer attention in future experiments, with a view to establishing a firmer 

"* basis for the causal relationship between the two processes. Further, if DNA 

2 is really a natural target for CDT, another critical issue to clarify is the binding 

o of the toxin to the DNA, as observed with other nucleases but not yet reported 

u 

g for CDT at the time of submission. 

g If CDT-B is considered as the catalytic subunit of the holotoxin that 

g accounts for the specific effect on the cell cycle, it should be emphasised 

« that some investigators have also attributed cytotoxic or cytostatic activity to 

A. actinomycetemcomitans recombinant CDT-C. A cell-blocking effect was 

noted in PHA-activated human T cells following external exposure (Shenker 

et al., 2000), while cytotoxicity was observed in Chinese hamster ovary (CHO) 

after cytosol delivery (Mao and DiRienzo, 2002). These results disagree with 

other studies showing that, unlike CDT-B, internal expression of C. jejuni 

CDT-C in mammalian (Lara-Tejero and Galan, 2000) or yeast cells (Hassane 

et al., 2001) does not induce significant cytotoxic or cytostatic effects. Further 

investigation is therefore needed to clarify the possible contribution of CDT- 

C to the cell cycle effect of the holotoxin. Such studies should define the exact 

modality of this cell toxicity and whether it is dependent or not on a specific 

catalytic activity (as is the case for CDT-B) or is the result of an indirect toxic 

effect observed with a high concentration of the protein. 

Aside from the catalytic activity of the toxin, which resides on CDT-B, a 

specific function has not yet been clearly assigned to CDT-A or CDT-C, whose 

presence is generally deemed essential in the case of external exposure. Their 

indispensable role together with CDT-B is demonstrated by genetic evidence, 



as the three cdt genes are required concomitantly to determine the toxic 
phenotype (Peres etal., 1997; Pickett etal, 1994; Scott and Kaper, 1994; Sugai 
et al., 1998) and by reconstitution of CDT activity using individually purified 
CDT subunits (Deng et al., 2001; Frisk et al., 2001; Lara-Tejero and Galan, 
2001; Lewis et al., 2001; Saiki et al., 2001). From these results, it is generally 
postulated that the three CDT proteins form a tripartite complex required 
for toxicity, a conclusion strongly supported by gel filtration chromatography 
(Lara-Tejero and Galan, 2001). 

Because CDT-B, once internalised in target cells, is able to reproduce 
all the effects of the holotoxin, it is likely that neither CDT-A nor CDT-C is 
required during the late stages of cellular trafficking, in particular for nuclear 
translocation and binding to a nuclear target. The general model of AB toxins, 
where A refers to the active subunit and B to the subunit(s) mediating bind- 
ing to receptors and translocation across the cell membrane, can therefore 3 
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be tentatively applied to CDT. According to such a model, CDT-A and CDT-C > 

would fit the B module required for the delivery of CDT-B, the A module. A " 

CDT-A contribution to binding of the holotoxin is suggested by the existence 
of an AA motif similar to a lectin fold present in the B chain of two AB toxins fi 

from plants: abrin and ricin (Lara-Tejero and Galan, 2001). Furthermore, the 
recombinant product of the cdtA gene of A. actinomycetemcomitans binds sig- 
nificantly to the surface of sensitive mammalian cells, whereas the products 
of cdtB and cdtC do not (Mao and DiRienzo, 2002). 

The AB model does not fit an observation with human T cells. Cell extracts 
containing recombinant CDT-B from A. actinomycetemcomitans alone (called 
ISF for immunosuppressive factor) have the capacity to induce a G2 arrest in 
PHA-activated human T cells upon external exposure (Shenker et al., 2000). 
To account for this exception, one possibility is that activated lymphocytes 
have an innate capacity to internalise CDT-B, thus bypassing the requirement 
of the delivery stage by CDT-A and CDT-C. 

In Vivo Relevance of the Anti-Proliferative Activity of CDT 

Current knowledge about the mode of action of CDT comes mainly from 
studies in cell cultures. The exact contribution of CDT to the pathogenicity 
of the producing organisms is still therefore largely speculative. A major 
challenge now is to examine to what extent the concept of a cyclostatin applies 
in vivo, in other words (1) whether CDT really does contribute to the control 
of proliferation of specific cell populations in infected hosts and (2) what the 
pathogenic consequences are of such control. 

A preliminary question is whether the putative genotoxicity of CDT can 
be viewed as a potential mechanism of pathogenicity per se. In our opinion, 
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this is unlikely, as the DNA damage caused by CDT under physiological cell 
exposure is mild or undetectable and does not induce signs of early lethality 
in cell cultures (Lara-Tejero and Galan, 2002; Sert et al., 1999). The delayed cy- 
totoxic effects are clearly a consequence of the cell cycle block, whether it is in 
epithelial cells (Cortes-BrattietaL, 2001a; Cortes-Brattietal., 2001b; De Rycke 
et al., 2000) or in lymphocytes where apoptosis is observed (Cortes-Bratti et al., 
2001b; Shenker et al., 2001). Furthermore, CDT cytotoxicity appears es- 
sentially restricted to proliferating cells because no effect is detectable in 
confluent epithelial or fibroblastic cell lines (Johnson and Lior [1988] and 
personal observations), and because cells must transit through an S-phase 
to be committed to the G2 arrest. However, as suggested by Li et al. (2002), 
non-proliferating dendritic cells can also be targeted by CDT to induce DNA 
damage. 

We can therefore speculate that the evolutionary advantage conferred by 
CDT on producing bacteria is related to the conferred ability to modulate 
the growth of infected tissues. The consequences of CDT activity should 
< be predictably much more significant in tissues where the process of cell 

o proliferation is essential such as epithelial growth, cell immune response, or 

"* wound healing. Mucous barriers, in particular intestinal epithelia, which are 

2 characterised by a rapid renewal of enterocytes from crypt cells and also by the 

o presence of enormous numbers of intraepithelial lymphocytes, are candidate 

g target tissues for CDT. This prediction is consistent with the observation that 

g CDT-producing bacterial species are known to efficiently colonise at various 

g mucous barriers: digestive tract for E. coli, Campylobacter sp., Helicobacter sp., 

« and Shigella sp., periodontal pocket for A. actinomycetemcomitans, and genital 

region for H. ducreyi. 

Studies on primary cells constitute a further step toward the understand- 
ing of CDT impact in vivo. In particular, the effect of CDT on human pe- 
ripheral blood mononuclear cells, including B and T lymphocytes, provides 
a relevant model of the impaired local immune response. Published results 
clearly show an effective inhibition of the proliferative immune response 
following stimulation by various mitogens, particularly with CDT from 
A. actinomycetemcomitans (Shenker et al., 2000; Shenker et al., 1999) and 
from H. ducreyi (Gelfanova et al., 1999; Svensson et al., 2001). The poten- 
tial impact of CDT on the immune response is highly relevant in patients 
infected with either of these two agents. In the case of severe impairment 
of the local immune response, localised periodontal disease due to A. acti- 
nomycetemcomitans can more easily develop into a generalised infection in- 
cluding endocarditis, meningitis, and osteomyelitis (Wilson and Henderson, 
1995). In the same way, a major component of the immune response to 



H. ducreyi is a T-cell infiltration at the site of infection, which is maintained 
throughout the pustular then ulcerative stages of the disease. Inhibition of 
local T-cell growth by CDT could help H. ducreyi evade the immune response 
and propagate outside the initial lesion, or could facilitate recurrence of the 
disease (Gelfanova et al, 1999; King et al., 1996). 

To our knowledge, the direct impact of CDT on cell proliferation in an- 
imals experimentally exposed to CDT or to CDT-producing organisms has 
never been reported. Published observations in enteric mouse models of 
infection give some insights into the possible contribution of CDT to patho- 
genesis but do not directly address its effect on the proliferation of entero- 
cytes or intraepithelial lymphocytes. In a suckling mouse model, CDT from 
S. dysenteriae administrated orally was shown to induce diarrhoea (Okuda 
et al., 1997). The microscopic lesions reported in the descending colon shortly 
after administration consisted of necrosis and reparative hyperplasia, nei- 8 
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ther of which evokes an antiproliferative effect. In another study, the effects > 

of oral administration of a C. jejuni strain and of isogenic cdtB mutants to " 

immunodeficient mice were compared. Mutant strains were unaffected in 
enteric colonisation but partially lost their ability to translocate into blood, fi 

spleen, and liver (Purdy et al., 2000). This study suggests that CDT may 
contribute to the invasiveness of the challenge strain, but the relationship 
between this property and a possible blocking or differentiating effect on 
enterocytes was not addressed. Finally, the role of CDT in the formation 
of chancroid ulcer, a genital lesion caused by H. ducreyi, has been investi- 
gated using two experimental skin models of infection in humans and in 
rabbits. These models reproduce the early stages of the disease, up to the 
formation of pustules (Lewis et al., 2001; Stevens et al., 1999; Young et al., 
2001). CDT was clearly not required for the formation of pustules, but its 
participation in the formation of ulcers and in the retardation of healing, 
both of which characterise the later stages of the disease, remains open to 
question. 

EXAMPLES OF POTENTIAL MEMBERS OF THE 
CYCLOSTATIN FAMILY 

We have limited our field of interest to bacteria, although other pathogens, 
such as viruses, fungi, and protozoa, may also express proteins controlling 
the eukaryotic cell cycle (Henderson et al., 1998; Op De Beeck and Caillet- 
Fauquet, 1997). CDT is but one among various bacterial protein products 
reported to exert an antiproliferative effect in cell cultures, as shown in 
Table 4.1. As an objective of this chapter is to propose a specific definition 
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of cyclostatins, we have sought to highlight products strongly suspected of 
targeting signal transduction pathways that are directly linked to cell cycle 
control. Given the extreme refinement of cell cycle regulation, it is indeed 
likely that a number of other bacterial factors causing cellular stresses or 
injuries are able to induce non-specific delay of cellular growth. The selected 
factors are displayed according to their phenotypic effect on the cell cycle and, 
insofar as information is available, to their speculated mode of action at the 
molecular level. 

Like CDTs, two other factors have been reported to cause a cell cycle 
block in G2: C2 toxin from Clostridium hotulinum (Barth et al., 1999), and 
CIF (cycle inhibiting factor) from enteropathogenic E. coli and Citrobacter 
rodentium (Marches et al., 2003; Nougayrede et al., 1999). Although the final 
steps of the G2 checkpoint activated by these products are identical, namely 
the inactivation of CDK1 by tyrosine phosphorylation (Figure 4.1b), the up- 
stream signalling cascades leading to CDK1 are probably different. The basic 
effect of C2 toxin - its ability to ADP-ribosylate monomeric actin - results in 
< a total breakdown of the cell cytoskeleton. The activities of both CDK1 and 

o CDC25-C phosphatase were reported to decrease after exposure to C2, but 

"* upstream events have not yet been investigated. Two original hypotheses have 

2 been raised: (1) direct ability of C2 to activate protein tyrosine phosphatases 

o (Prepens et al., 1998) leading to the activation of protein phosphatase 2A 

u 

g (PP2A), resulting in the observed inactivation of CDC25-C; (2) activation of a 

§ postulated G2 mammalian actin cytoskeleton checkpoint, such as described 

§ in yeast (Harrison et al., 2001). However, a DNA damage-related G2 check- 

is point cannot be dismissed even though C2 did not cause delayed progression 

in S-phase. CIF is a type Ill-secretion dependent protein (see Chapter 6) that 
also alters the actin cytoskeleton but, in contrast to C2, functions by inducing 
a permanent activation of stress fibres and focal adhesions (Marches et al., 
2003; Nougayrede et al., 1999). Neither the events upstream of CDK1 nor the 
primary target and mode of action of CIF are known. 

E. coli CNFs cause an irreversible induction of actin stress fibers through 
the constitutive activation of the small GTPases of the Rho family (reviewed 
by Boquet [2001] and Horiguchi [2001], and in Chapter 3). The causal rela- 
tionship between Rho-GTPases induction and the permanent cytoskeleton 
reorganisation is straightforward, but the link between these events and the 
cell cycle block has not yet been investigated. CNF abrogates cytoplasmic di- 
vision (or cytokinesis) without interfering with normal nuclear cycling, such 
that DNA is replicated in the absence of cell division (Denko et al., 1997). Phe- 
notypically, blocked cells are thus both polyploid (DNA content up to 16n) 
and multinucleated (De Rycke et al., 1996). A tentative hypothesis is that 



CNF directly interferes with a Rho-GTPase that is required for contractile 
ring assembly at cell division (Ridley, 1995). 

FIP (F. nucleatum immunosuppressive protein) from Fusobacterium nu- 
cleatum produces a G0/G1 block in activated lymphocytes (Demuth et al., 
1996; Shenker and Datar, 1995). This activity has not been reported in ep- 
ithelial or fibroblastic cells. A detailed analysis of cyclin expression showed 
that FIP does not prevent entry into Gl, and that the cell cycle event sensitive 
to FIP resides somewhere between the restriction point of cyclin D2 (early to 
mid-Gl) and that of cyclins D3 and E (mid- to late Gl) (Shenker and Datar, 
1995). 

SAGP (streptococcal acidic glycoprotein) is an acidic glycoprotein from 
the Streptococcus pyogenes Su strain, originally identified as having anti- 
tumour activity in mice and being able to stop in a reversible manner the 
proliferation of several human and mice cell lines, particularly carcinoma Q 
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cells (Yoshida et al, 1998). In A431 epithelioid cells, the growth-inhibitory > 

effect of SAGP is associated with tyrosine dephosphorylation of the epider- " 

mal growth factor receptor (EGFR) followed by the inhibition of the p42/44 
mitogen-activated protein kinase (MAPK) (Yoshida et al., 2001). It would be ^ 

interesting to know the precise effect of SAGP on cell cycle parameters, in 
particular if the cells are delayed in G2, as observed for instance in A431 cells 
exposed to the epidermal growth factor itself (Kaszkin et al., 1996). In any 
case, these findings indicate that some bacteria are able to control proliferative 
signalling through G proteins and MAPK signalling (Gutkind, 1998). 

STa (stable toxin a) and VT (verotoxin) are two famous prototypes E. coll 
toxins not originally described as growth inhibitory products. Recent stud- 
ies show, however, that their enzymatic or binding properties may account 
for a major antiproliferative effect in cell lines and experimental settings 
intended to mimic the in vivo situation. VT is the main factor of pathogenic- 
ity of E. coli strains, causing the deadly haemolytic and uraemic syndrome 
(HUS). It is generally described as cytotoxic - able to rapidly kill standard 
cell cultures through inhibition of protein synthesis. In primary cultures of 
glomerular mesangial cells, which constitute its primary targets in vivo, VT 
does not affect cell viability but markedly inhibits DN A synthesis and prolifer- 
ation and, to a much lesser extent, protein synthesis. The binding subunit is 
reported to contribute significantly to the growth inhibitory effect, hypothet- 
ically through a pathway originating from the glycosphingolipidic receptor 
globotriaosylceramide Gb3 (Van Setten et al., 1997). STa is the major deter- 
minant of enterotoxigenic E. coli causing travellers' diarrhoea. STa, which 
acts as an agonist of guanylyl cyclase (GC-C), its cell membrane receptor in 
enterocytes, has been neither described as a cytotoxin nor detected in the 
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laboratory using such a property. Recently it was shown, however, that STa 
was able to strongly regulate cell cycle progression of human colon carcinoma 
cells through cyclic GMP-dependent mechanisms (Pitari et al., 2001). 

Four further diversely characterised factors have been mentioned, 
namely E.coli LI F (leukaemia inhibitory factor), STI (Salmonella typhimurium- 
derived T-cell inhibitor), Helicobacter pylori PIP (proliferation-inhibiting pro- 
tein), and a Prevotella intermedia protein (Klapproth et al., 2000; Knipp et al., 
1996; Matsui et al, 1998; Shenker et al, 1991). Although their specific effect 
on the cell cycle has not been reported, they have in common the ability to 
inhibit the proliferation of immune cells. 

HOW TO IDENTIFY THE TARGET OF A CYCLOSTATIN? 

Do these bacterial products target cell cycle control? Do they affect the func- 
tion, the expression, or the activity of cell cycle regulators? Do they reveal 
new regulatory pathways that remain to be uncovered? As reported above 
< with CDT, the starting point of the investigation to address these questions is 

o usually the result of two experiments. One is the examination of nuclear as- 

"* pects by fluorescence microscopy to determine whether the cells are blocked 

2 or not in mitosis (i.e., condensed chromatin, metaphase plate, etc.). The sec- 

o ond is the identification of a cell cycle arrest by flow cytometric analysis of 

g DNA content. When these questions have been answered, we propose that 

g a step-by-step investigation strategy should be followed as outlined in Fig- 

g ure 4.4. The first step (Figure 4.4a) leads to four different possibilities; the 

« cells might be stacked in mitosis with a G2 DNA content and condensed 

chromosomes, or in interphase with a DNA content that reveals a Gl, S, or 
G2 cell cycle arrest. 

Arrest of the cell cycle with a Gl DNA content indicates that mechanisms 
involved in Gl progression or in the control of the Gl/S transition are tar- 
geted. As presented in Figure 4.4b, monitoring the kinase activity associated 
with the CDK4/cyclin D complexes and with the CDK2/cyclin E complex is 
the first step. Inactivation of these two types of complexes might reflect an 
absence of association with their cyclin regulatory subunit, perhaps because 
its expression is inhibited. Interaction with members of the cyclin-dependent 
kinase inhibitors (CKI) family, such as pl6 or p27, might also be responsible 
for inhibition of the kinase. In the absence of active CDC25A phosphatase, 
the CDK2 and CDK4 kinase will remain phosphorylated on tyrosine and cat- 
alytically inactive. Lack of expression or targeted degradation of CDC25A, 
which has been demonstrated following DNA damage (Mailand et al., 2000), 
might therefore also be involved. The F. nucleatum FIP toxin presented in 
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Figure 4.4. How to identify the target of Cyclostatin? Panel a depicts the basic steps in the 
analysis of the effects of a newly identified bacterial product that impairs proliferation and 
is suspected to interfere with the cell cycle machinery. Panels b-e illustrate the successive 
steps and the basic questions that have to be successively addressed to validate the 
bacterial product as a member of the cyclostatin family and to identify its molecular target. 
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the previous section leads to cell cycle arrest in Gl. However, critical infor- 
mation such as the kinase activity associated with cyclin D2 complexes and 
the association with the inhibitor p27Kiplare required to confirm the nature 
of the molecular target. 

Cell cycle arrest or delay in S phase (Figure 4.4c) may result from a 
direct effect on cell cycle regulators, but more likely from the targeting of 
essential players in the replication machinery, such as DNA polymerases and 
auxiliary proteins, for example PCNA. Impairment of the replication process 
will delay progression in S-phase and ultimately result in the activation of 
a DNA damage-dependent checkpoint. The VT and the STa toxins from 
E. coli may exert their actions through targeting the replication machinery. 
However, their molecular effects are not yet elucidated. 

Cells might also be arrested in G2. As depicted in Figure 4.4d, this results 
from the absence of CDKl/cyclin B and/or CDKl/cyclin A activities, which 
might be due to (1) the lack of cyclin association with CDK1, (2) the absence of 
dephosphorylation of CDK1 on Tyr 15, or (3) the association of CDK1 with an 
< inhibitor such as p21Cipl. These various hypotheses have to be investigated 

o successively. The lack of association of cyclin A or cyclin B to CDK1 is likely 

"* to result from the inhibition of its expression or to a modification of its 

2 intracellular localisation. Hyperphosphorylation of CDK1 on Tyr 15 is of 

o course reminiscent of the activation of a G2 checkpoint in response to DNA 

u 

g damage, which will lead to an investigation of the activity and features of the 

g upstream regulatory elements. 

g Immunofluorescence can determine the localisation of CDC25C, whose 

« cytoplasmic retention is dependent on its phosphorylation by CHK1 and 2 

checkpoint kinases. Each of the regulators that play a role in the detection of 
DNA damage and in the transduction of the signal to CDC25 is possibly a tar- 
get for a hijacking mechanism. The DNA damage cascade can also be activated 
from its origin, through the generation of a signal related to specific DNA 
alteration, or to the perturbation of DNA replication. The association of the 
p21Cipl inhibitor with the CDKl/cyclin B complex can also be responsible 
for the inhibition of its catalytic activity, resulting in cell cycle arrest in late G2. 
Induction of p21Cipl is dependent on either p53 dependent or independent 
pathways and has been shown to accumulate in the cell following the acti- 
vation of various signalling pathways such as DNA damage or growth factor 
cascade. Thus, if the presence of p21Cipl in association with the CDKl/cyclin 
B complex is revealed, it will be necessary to carry out a study of its expres- 
sion to identify the target of the toxin. For instance, in the case of the CIF 
toxin, it has been shown that cyclin expression is not affected (Marches et al., 
2003), leaving open the possibility that the CDK/cyclin complexes might be 
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inactivated either by a CKI binding or by tyrosine phosphorylation. To date, 
there is no example for a direct action of a bacterial cyclostatin on CDC25 
phosphatases or CHK kinases. However, it has been proposed that the C2 
toxin activates PP2A, thus dephosphorylating and inactivating CDC25C. 

As discussed above, cell cycle arrest in mitosis is a typical feature of the 
activation of the metaphase/anaphase checkpoint. Any alteration of the mi- 
totic spindle assembly or misalignment of chromosomes will potentially be 
responsible for this activation. Upstream regulators of the mitotic checkpoint 
are being progressively identified (Figure 4.2b). One can therefore hypothe- 
size that a critical step in this signal pathway, such as MAD2 protein or the 
MPS1 kinase, might also be targeted. 

OUTLOOK: THE CHALLENGING CONCEPT OF CYCLOSTATINS n 

B 
H 

The overview of bacterial proteins blocking the cell cycle hints at the probably > 

large diversity of their modes of action on the cell cycle, and highlights the n 

scarcity of data on the mechanisms of action themselves, except for CDT. 
Moreover, the potential antiproliferative effect of these proteins has not been fi 

investigated in vivo, particularly in relation to the pathogenicity of producing 
strains, which limits any speculation about the biological outcome from such 
products and particularly about the selective advantage that they may confer 
to bacteria. It is therefore premature, in the present stage of knowledge, to 
propose a unifying view of the cyclostatin concept, which remains a working 
hypothesis based on the identification of intrinsic biological activity and, as 
such, needs to be challenged, particularly in vivo, using proper experimental 
designs. 

Keeping in mind the above limitations, it is possible to propose prelimi- 
nary criteria to define cyclostatins and classify them according to their specific 
effects on the cell cycle in cell cultures. The simplest and least restrictive def- 
inition would be to include in the cyclostatin family all the bacterial products 
that lead the intoxicated cells to stop their cell cycle at a specific point. Indeed, 
the concept of an identical execution point was central to the identification 
of the cell division cycle (cdc) regulatory genes (Hartwell, 1978). In a more 
precise definition, members of the cyclostatins would be only those bacterial 
products that specifically target a key regulator of the cell cycle machinery. 
To be less restrictive and in order to include toxins such as CDT, we propose 
to rephrase and slightly enlarge this definition by stating that a bacterial cy- 
clostatin is a bacterial product that directly targets or interferes with one of 
the pathways that control the activity of cell cycle regulators in response to 
intra- and extra-cellular signals. 



Besides a rigorous analysis of the cell cycle effects of candidate cyclo- 
statins in cell cultures as stressed above, the hypothetical antiproliferative 
effect of these products should be challenged in appropriate animal mod- 
els, either through inoculation of cell-free products, or, ideally, following 
infection with the producing bacteria. This is a primary condition for cyclo- 
statins to emerge as a relevant subject in the field of cellular microbiology. 
The in vivo validation is all the more important because, in contrast to the 
classical concepts of cellular microbiology, the original observations were not 
reported in diseased natural hosts, but in cell cultures. This essential require- 
ment applies in particular to CDT whose unique spreading among unrelated 
pathogenic bacterial species is a strong argument for a major role as a factor 
of pathogenicity or of adaptation to the host. 
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CHAPTER 5 

Bartonella signaling and endothelial 
cell proliferation 

Garret Ihler, Anita Verma, and Javier Arevalo 



Bartonella hacilliformis is the causative agent of Carrion's disease (for a recent 
medical review, see Maguina and Gotuzzo, 2000). B. hacilliformis was in a 
genus by itself until recent taxonomic revisions associated it with other bac- 
teria. Now there are sixteen known species of Bartonella, of which seven are 
associated with human disease. B. hacilliformis enters the bloodstream of hu- 
mans through the bite of an insect vector and targets primarily erythrocytes 
and endothelial cells. 

For many years, it seemed as though important and interesting conclu- 
sions about the mechanism of angiogenesis might result from the study of 
B. hacilliformis, which can initiate and perpetuate lesions formed of prolifer- 
ating endothelial cells and newly formed capillaries. Since then, the Science 
juggernaut has moved on, more rapidly for angiogenesis than for Bartonella, 
and so it now appears that we can best understand B. hacilliformis (and the 
closely related Bartonella henselae) by reference to the known biology of an- 
giogenesis. However, study of B. hacilliformis has made at least one useful 
contribution to our knowledge of angiogenesis. Entry of B. hacilliformis by 
vacuole formation and macropinocytosis was shown to be accomplished by 
activation of Rho, Rac, and Cdc42 GTPases. This process appeared to be 
analogous to the angiogenic process by which endothelial cells take in large 
volumes of extracellular fluids to form large central vacuoles, which per- 
haps fuse between cells to form the nascent capillary. Following the studies 
with B. hacilliformis, it was shown that this process of endothelial cell fluid 
intake is accomplished by activation of Rac and Cdc42 (Bayless and Davis, 
2002). 

Bartonella spp. have progressed in recent years from being totally ob- 
scure pathogens to ones with relatively few infected patients and relatively 
many review articles, some of which are listed here (Ihler, 1996; Dehio, 1999; 



Breitschwerdt and Kordick, 2000; Karem, 2000; Karem et al, 2000; Minnick 
and Anderson, 2000; Dehio, 2001; Houpikian and Raoult, 2001). 

UNDERSTANDING DISEASE CAUSED BY BARTONELLA 

We believe the most important guiding principle at present for understanding 
Bartonella is that the events after infection of endothelial cells by the bacte- 
ria are mediated by manipulating host cell programs. The consequences of 
infection therefore should be reminiscent of what is known to happen in 
ordinary angiogenesis or tumor-associated angiogenesis, although the re- 
sults of infection could differ in degree because multiple programs could 
be activated to greater or lesser extent than observed in normal angiogene- 
sis. A corollary is that it will not be possible to understand all the details of 
B. bacilliformis-promoted angiogenesis from simply studying bacterial infec- 
tion of endothelial cells in vitro because angiogenesis involves cell signaling 
*j and the interactions of several cell types, and is dependent on the interstitial 

matrix. 

An additional guiding principle is attention to the life cycle of 

< B. bacilliformis and B. henselae. The bacteria are transmitted from a blood- 
| sucking insect vector into the blood of a vertebrate host and establish pro- 
tected sites in the host, with access to the blood, where the bacteria may persist 

h long enough to allow re-infection of other blood-sucking insects. In humans, 

< B. bacilliformis-mva.ded erythrocytes provide a protected site, with a potential 
3 life span of 120 days. B. henselae is endemic in cats, and has been reported 
" both to be present (Kordick and Breitschwerdt, 1995; Rolain et al., 2001) 
| and absent from cat erythrocytes (Guptill et al., 2000), but in any case does 
o not extensively invade human erythrocytes (Iwaki-Egawa and Ihler, 1997). 

Life cycle considerations suggest that the relative lack of ability to infect hu- 
man erythrocytes may explain why humans are only incidental hosts for 
B. henselae, since B. henselae usually will not be retransmitted to the vector 
from humans. However, it should be noted that about 20% of patients with cat 
scratch disease who were serologically positive for Bartonella had bacteremia 
as shown by PCR. The PCR-amplified sequence was identical to that of 
B. henselae (Tsukahara et al., 2001). Additional protected sites are tumor- 
like lesions in skin caused to form by the bacteria, called in humans verruga 
peruana (B. bacilliformis) and bacillary angiomatosis (B. henselae). These le- 
sions contain bacteria and are composed of proliferating endothelial cells 
and capillaries. From these sites, the bacteria have direct access to the 
blood. The long life span of the verruga (more than a year) suggests that 
B. bacilliformis can manipulate the immune response. Infection by B. henselae 
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in an immunocompetent host is eventually controlled ("cat-scratch fever") 
and in an immunocompromised host, usually an AIDS patient, results in 
a lesion very similar to that of B. bacilliformis. In humans, B. bacilliformis 
can render ineffective some aspect of the human immune response which 
B. henselae cannot. An interesting case history of a patient with rheumatoid 
arthritis treated with corticosteroids and methotrexate who became infected 
with B. henselae suggests caution in cat ownership for the immunosuppressed 
(Harschetal., 2002). 

B. BACILLIFORMIS INFECTION INDUCES ABERRANT 
ANGIOGENESIS 

There are several sizes and forms of verrugal lesions. The reasons for the 
variations are not clear, but may relate to where the lesion is located and S 
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whether it is in the papillary dermis (miliary form), the subcutaneous tissue, 3 

or involving all layers of dermis. Larger lesions are located on the arms and g 

legs (nodular) or appear near joints (mular or subdermic nodules). Deep- ~t 

seated nodules tend to be compact (Arias-Stella et al., 1986). u 

Microscopically, lesions consist of a network of capillaries in association z 
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with endothelial hyperplasia and dividing endothelial cells. In some cases ° 

K 

sheets of cells in a pseudoepitheloid pattern are seen, in which the capillaries £ 

are collapsed; in other cases well-established capillaries with open lumens are £ 

n 
observed. Predominantly spindle-shaped cells were seen (Shen et al., 1998). " 

Dense infiltrations of lymphocytes, monocytes, macrophages, and dendo- 
cytic cells are found, indicating active inflammation. Bacteria are seen in 
extracellular spaces near blood vessels and in intracellular locations within 
endothelial cells. Despite the evidence of active inflammation, the verrugal 
lesions can persist as long as 12-18 months. Bacteremia may continue, some- 
times intermittently, for about the same period of time, about 15 months. 
Presumably, as long as the verrugas persist, bacteremia and transfer to the 
insect vector is possible, since the verrugas serve as the reservoir. 

Likewise, the cells of bacillary angiomatosis (B A) are activated endothelial 
cells, with numerous Weibel-Palade bodies, and express a variety of endothe- 
lial markers. Numerous cells expressing macrophage/monocyte markers are 
present in BA surrounding and within the lesions. In many respects, the le- 
sions of both B. bacilliformis and B. henselae closely resemble those of Kaposi's 
sarcoma, and numerous analogies can be profitably drawn, despite the fact 
that the etiological agent in Kaposi's sarcoma is a virus - Kaposi's sarcoma- 
associated herpes virus. The bacterial lesions can be distinguished from those 
in Kaposi's sarcoma by surface immunohistochemistry of the endothelial 
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cells, by the presence of neutrophils, and of course by the absence of bacteria 
in Kaposi's sarcoma (LeBoit et al., 1989; Kostianovsky et al., 1992). These an- 
giogenic lesions also have similarities with hemangiomas or pyogenic granu- 
lomas. A possible association between Bartonella and pyogenic granulomas - 
benign vascular lesions - has been discussed (Lee and Lynde, 2001). Verrugas 
are primarily in the skin, whereas BA can occur in various organs and can 
have unexpected presentations, including the eye (neuroretinitis with macu- 
lar edema and exudates (Earhart and Power, 2000)). Peliosis can be caused by 
B. henselae, and bacilli are found in the hepatic sinusoidal endothelial cells, 
both intracellularly and extracellularly, and in associated abdominal lymph 
nodes. 



RECOGNITION BETWEEN B. BACILLIFORMIS AND 
ERYTHROCYTES OR ENDOTHELIAL CELLS 



gj Binding of bacteria both to erythrocytes and endothelial cells relies on the 

«J bacterial outer membrane. Omp43, an outer membrane protein (related to 

§ Omp2b of Brucella) has been shown to bind to endothelial cells (Burgess 

et al., 2000). B. bacilliformis has been shown to bind several biotinylated ery- 
« throcyte surface proteins (Buckles and McGinnis Hill, 2000). Between 1991 

<< and 1993, Javier Arevalo investigated the interactions between outer mem- 

£ brane proteins from B. bacilliformis and erythrocytes, BL3 cells and HUVECs. 

Because these experiments have not been published, we here summarize 
the results, which are available with the data on the Department of Medical 
Biochemistry and Genetics web site at Texas A&M College of Medicine 



% (http://128.194.251.107/Ihler_home_page/). 



1. Complete antibodies generated against the sarkosyl-insoluble 
membrane proteins of B. bacilliformis reduced binding of the bacteria to 
erythrocytes up to 90%. Fab fragments, which could be used without 
aggregating the bacteria, completely prevented binding. 

2. The outer membrane proteins of B. bacilliformis were characterized. 
Sarkosyl-insoluble proteins from the membrane fraction of French 
pressed cells or membrane proteins prepared by the lithium acetate 
procedure were designated as outer membrane proteins after 
comparison with outer membrane proteins separated on step sucrose 
gradients. Detergent-solubilized proteins could not be used for binding 
studies with erythrocytes because the detergent lysed the erythrocytes, 
even when using the lowest possible concentrations of several nonionic 
detergents. It was found the supernatant from cultures contained most 



of the proteins present in membrane fractions, including all the 

sarkosyl-insoluble proteins, in a soluble or at least a dispersed state, and 

these could be radioactively labeled with S -methionine by growing the 

bacteria in Delbecco's modified Earle's medium deficient in methionine. 

Species of protein that bound to erythrocytes were 95-, 80-, and 52-kDa 

with lesser amounts of 65- and 45-kDa species. The 95-kDa protein was 

soluble in 1% sarkosyl. All these could be released by increasing the salt 

concentration, suggesting they interact by ionic forces. Escherichia coli 

proteins did not bind. 

Biotinylated erythrocyte membrane proteins were incubated with 

sarkosyl-insoluble proteins or lithium acetate-prepared proteins, which 

had been separated by SDS-PAGE and transferred to nitrocellulose. The 

erythrocyte membrane proteins bound to 80-, 45-, and 38-kDa species of 

B. bacilliformis sarkosyl-insoluble proteins, but did not recognize E. coli 5 



a 
proteins. Erythrocyte proteins recognized the 95-, 80-, 45-, and 38-kDa 3 

species of lithium acetate-prepared proteins, and in addition proteins at g 

55-, 49-, and 24-kDa. The reverse experiment, in which erythrocyte ~t 

membrane proteins were separated by SDS-PAGE, was not successful, u 

probably because the ability to bind was destroyed by denaturation. That z 

the B. bacilliformis proteins could be electrophoresed in SDS and 

K 
retained activity suggests that they were not irreversibly affected, £ 

perhaps because of their hydrophobic properties. When the total H 

n 
protein complement of B. bacilliformis was separated by SDS-PAGE, only " 

outer membrane proteins were bound by biotinylated erythrocyte 

proteins. 

Affinity column chromatography using Affigel-immobilized 

sarkosyl-insoluble proteins identified an 18.5-kDa erythrocyte 

membrane protein that could be released from the column with 1.5 M 

NaCl, and an additional 4 erythrocyte proteins between 50-65-kDa that 

could be released only by boiling in sample buffer. 

Membrane proteins from BL-3 and HUVEC cells, but not erythrocytes, 

separated by SDS-PAGE could be recognized in Western blots by 

radioactive intact B. bacilliformis. 

The flagellar gene product, flaA, which was cloned, sequenced, and 

expressed, does not bind to erythrocytes. 



Porins and Blebbing 

Not much is known about the role of Bartonella porins or outer mem- 
brane proteins, specifically for pathogenesis. Porins are likely to be of great 



importance. For example, Neisseria, which has similarities to Bartonella, can 
utilize PorB to modulate apoptosis, because PorB is efficiently targeted to 
mitochondria (Muller et al., 2002) , where it can depolarize the mitochondrion. 
Like Neisseria, Bartonella produces membranous blebs containing some but 
not all of the outer membrane proteins (J. Arevalo and G. Ihler, unpublished). 
These blebs have considerable pathogenic potential, since they can distribute 
the outer membrane proteins widely and independently of viable bacteria. 
Not only could these serve as decoys or as sinks for host antibacterial pro- 
teins, but also if the proteins themselves have toxic properties, the blebs could 
deliver them to host cells as efficiently as the live bacteria. Neisserial porins 
can stimulate B cells and upregulate surface expression of host proteins via 
an NF-/fB-dependent mechanism (Massari et al., 2002). 



$ Why Are Erythrocytes and Endothelial Cells the Two Primary 

< Targets for B. bacilliformisl 

> Bartonella are the only bacteria known to invade human erythrocytes. In- 
a fection by B. bacilliformis first involves colonization of the erythrocytes 
■* (Figure 5.1), massive destruction of erythrocytes by spleen and liver, and 
a a resulting severe anemia, which is often fatal in the absence of antibiotic 

> treatment (Oroya fever). Invasion of endothelial cells and subsequent angio- 
R genesis results in the formation of verrugas. Verruga peruana has low or zero 

. mortality but involves formation of the numerous disfiguring skin lesions. 

S The net result is a two-phase disease (Carrion's disease), although in some 

h cases the erythrocytic phase is inapparent. 

pj It seems likely that there must be some underlying connection between 

° these two phases of the disease and the two cell types. But it does not seem 

likely that B. bacilliformis uses the same mechanism of invasion for ery- 
throcytes and nucleated cells because mature erythrocytes do not engage 
in endocytosis or vesicle transport. Both infection and retransmission must 

Figure 5.1 (Bacterial morphology and interaction with erythrocytes A. Colony morphology 
at 14 days. Left: 440x Right: 4400x . B. Colony face split open. 9600x (A,B: G. 
McLaughlin and G. Ihler, unpublished). C. Bacterial clump adherent to a red cell. 
10,100x . D. Adherent bacteria with small indentation. Individual bacteria are often seen 
in deep invaginations of the erythrocyte membrane (Benson et al., 1986). E-F. Bacteria 
associated with trenches and pits. The lips of the trench sometimes seem to fold over, as if 
engulfing the bacteria. Possibly this could occur if the clump binds to two or more sites on 
the erythrocyte surface as in Figure 1C and then contracts to pull the erythrocyte 
membrane over the clump. 
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involve the blood, so it is easy to see why attachment to erythrocytes might 
be advantageous. The intense monitoring of erythrocytes in humans by 
the spleen might be part of the reason why a tissue sanctuary is a feature of the 
disease, and the long life span of the verruga (more than a year) relative to 
the maximum life span of an erythrocyte (120 days) could be important as 
well. B. henselae manages to cause formation in humans of lesions similar to 
verrugas without a prominent erythrocytic phase, but there is no evidence that 
B. henselae can be re-transmitted to an insect vector from humans (although 
patients are certainly bacteremic). Bartonella tribocorum, a rat pathogen, in- 
vades and replicates in erythrocytes, but the erythrocytes are not markedly 
cleared (Schulein et al., 2001). 

Although B. bacilliformis can be internalized into erythrocytes and cir- 
culate protected within the erythrocytes, it does not accomplish this in a 
stealthy manner. Instead, clumps of bacteria adhere to the external surface of 
the erythrocytes, where they are exposed to antibodies and the immune sys- 
*j tern. The bacteria induce major deformations in the erythrocyte membrane, 

including pits and trenches (Benson et al., 1986; Derrick and Ihler, 2001). 
These changes cause erythrocytes to be recognized as defective, especially 

< in the splenic circulation, but also by liver macrophages if the damage is 
| less subtle. It is this massive colonization of erythrocytes and the deforma- 
£ tion of the cells that results in the profound anemia that is seen in Oroya 

fever because erythrocytes deformed by B. bacilliformis infection are readily 

< phagocytosed. 

3 Phagocytosis of erythrocytes by macrophages might suggest that phos- 

" phatidylserine - a signal for phagocytosis not only in erythrocytes, but in 

| most cells - is exposed on the outer face of the erythrocyte membrane. In 

o normal erythrocytes, phosphatidylserine is absent from the external face be- 

cause it is transported by an energy-dependent enzyme system from the outer 
to the inner leaflet of the membrane bilayer. Exposure of phosphatidylser- 
ine endows erythrocytes with the propensity of adhering to HUVECs (Closse 
et al., 1999) as well as to phagocytic cells, although normal erythrocytes are 
generally non-adhesive to endothelial surfaces. 

Endothelial cells can be readily infected in vitro by free bacteria, and pre- 
sumably also within the verruga. But the initial colonization at the site of 
a future verruga might be facilitated if the bacteria are bound to and circu- 
lating with erythrocytes, either because the erythrocyte is phagocytosed or 
because the bacteria are brought into close proximity to the endothelial cell. 
An erythrocytic route is suggested by the fact that erythrocyte colonization 
constitutes the first phase of the disease. One might speculate that the pres- 
ence of bacteria on the surface of erythrocytes could facilitate invasion of 
endothelial cells as a second protected site because erythrocytes fill small 
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capillaries and are deformed by their passage. Although endothelial cells are 
sometimes described as wrapping around or lining capillaries, in fact the 
capillary has no physical existence except as a hole through endothelial cells. 
Thus the bacteria would "scrape" along the endothelial surface and could 
perhaps attach more easily to the endothelial cells after being delivered by 
carrier erythrocytes. 

Transfer of bacteria to endothelial cells could be additionally facilitated if 
the erythrocytes or the bacteria that were bound to the erythrocytes adhered 
to the capillary endothelium; reverse transfer of bacteria from the verrugas to 
erythrocytes might also be possible if erythrocytes became arrested in capil- 
laries or post-capillary venules. In sickle-cell anemia, adhesion pathways have 
been identified as contributing to the sickle-cell crisis, in addition to, or as a 
consequence of, erythrocyte deformation caused by HbS polymerization. It 
is noteworthy that the sickle-cell crisis is very often associated with infection. § 
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One possibility might be that infection systemically upregulates adhesive pro- 3 

teins on endothelial cells , which become more effective in arresting abnormal g 

sickle-cell erythrocytes. ~t 

The importance of cell adhesion molecules in leukocyte trafficking and § 

in mediating immune and inflammatory responses ensures that cell-cell z 
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recognition proteins would certainly be upregulated in verrugas, as in other - 

K 

infections, but it is not known whether these adhesive proteins would help £ 

to bind erythrocytes. B. henselae outer membrane proteins (and perhaps LPS) £ 

n 
are known to upregulate E-selectin and ICAM-1 on HUVECs (Fuhrmann " 

et al., 2001; Maeno et al., 2002). For ICAM-1, infection is not required, since 

the nonpiliated strain, unable to invade endothelial cells, induced ICAM-1 as 

well as the piliated strain, and since the bacteria could be inactivated in various 

ways (including being sonicated) without loss of activity. The unidentified 

factor was stable to boiling and unaffected by the addition of polymyxin B, 

suggesting that it was not LPS. 

B. bacilliformis and B. henselae Infect Endothelial Cells 

Invasion of endothelial cells by B. bacilliformis is considered to be a crucial 
and important step in establishing the proliferative lesions of the verruga. 
Invasion of endothelial cells by different species of Bartonella has been studied 
primarily in vitro using human umbilical vein endothelial cells (HUVECs). 

B. bacilliformis infections in vivo are characterized by bacteria within and 
outside endothelial cells. Bartonella is tropic for endothelial cells, and has 
special growth effects on them. The significance of this tropism is somewhat 
confused by the fact that Bartonella can infect many cell types in vitro, in 
addition to endothelial cells, although growth of these cells is not stimulated. 
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Thus, if a specialized mechanism of Bartonella entry into endothelial cells 
exists, Bartonella must possess some additional, more general mechanism 
for gaining access to different types of cells. Despite this caveat, it nevertheless 
does appear that Bartonella has a special tropism for endothelial cells, and a 
special mechanism of entry. 

In vitro, intracellular B. bacilliformis were observed electron microscopi- 
cally in small membrane-bound inclusions within endothelial cells after 1 h of 
infection and by 12 h a large membrane-bound inclusion containing numer- 
ous bacteria was present. This was described as being similar to the Rocha- 
Lima inclusion, which is a prominent feature of in vivo infections (Garcia et al., 
1992). Cytochalasin-D reduced the invasiveness of B. bacilliformis into endo- 
thelial cells in vitro (Hill et al., 1992), indicating host participation. 

Activation of Rho-family Small GTPases 



*jj Verma et al. (2000, 2001) showed that a significant entry of B. bacilliformis 

occurs within 2 hrs, and also that there is also a very large increase in entry 
between 16 and 24 h. A massive reorganization of the actin network leading 

< to the formation of thick actin bundles, known as stress fibers, was visible in 
| the infected endothelial cells by 12-16 h. It has been shown that a member 

of the small GTPase family of proteins, Rho, is a key signaling molecule for 
h mediating the formation of stress fibers. Members of the Rho family of small 

< GTP-binding proteins (Rho, Rac, and Cdc42) function as molecular switches 
3 by cycling between an inactive state with bound GDP and an active state 
" with bound GTP (see Chapter 3 for more details). The active form of Rho 
| interacts with downstream effector proteins to produce biological responses, 
o which include actin reorganization. Rho is also necessary for internaliza- 
tion of B. bacilliformis. Entry at both early and late times can be prevented 
by pretreatment of the endothelial cells with C3 exoenzyme, a protein toxin 
from Clostridium botulinum which inactivates intracellular Rho by ADP ri- 
bosylation. Moreover, Rho was shown to be directly activated in the infected 
HUVECs, with a similar time course to that observed for bacterial invasion. In 
a later study, Verma and Ihler (2002) also showed that pretreatment with the 
Clostridial toxin TcsL-1522 - which specifically inactivates another member of 
the small GTP-binding protein family, Rac and, to a lesser extent, Cdc42, but 
not Rho - also inhibits entry. All three Rho family proteins, Rac, Cdc42, and 
Rho, are activated after incubation of endothelial cells with B. bacilliformis. 
Within 30 min, levels of activated Rac and activated Cdc42 were increased. 

Relocalization of other Rho family proteins also occurs. Within 30 min, 
filopodia (filamentous actin extensions) formed; within 1 h lamellipodia 
(membrane rufflings) formed. Clumps of bacteria could be seen adhering 



to or in the close vicinity of both the filopodia and lamellipodia. F-actin was 
associated with both filopodia and lamellipodia, and Rac was shown to be 
associated with the lamellipodia (Verma and Ihler, 2002). Activation of Rac is 
known to induce formation of lamellipodia and activation of Cdc42 induces 
formation of filopodia. Activated Rho is translocated from a cytoplasmic to a 
membrane-associated location. Rho induces formation of actin-lined invagi- 
nations in the plasma membrane. Figure 5.2 shows microspikes (Cdc42), 
membrane ruffling (Rac), and stress fibers (Rho) related to the activation of 
Rho-GTPases. 

These results indicate that Bartonella, like other pathogenic bacteria, es- 
pecially the intracellular pathogens, utilize host signaling and response mech- 
anisms as indispensable components of the infectious process. Many other 
bacteria also facilitate their entry into the host cells by inducing a rearrange- 
ment of the actin cytoskeletal network (see also Chapter 6). Shigella entry is § 
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dependent on Cdc42, Rac, and Rho (Adam et al, 1996; Dumenil et al., 2000). 3 

Salmonella also uses Rac and Cdc42 in the entry process. Salmonella encodes g 

a protein, the product of sop E, which binds to and activates Cdc42 and Rac by ~t 

promoting exchange of GTP for GDP, acting as nucleotide exchange factor. A § 

Salmonella typhimurium strain carrying a null mutation in sopE was deficient z 



o 



in its ability to enter cells after short infection times. A dominant negative ° 

x 
mutant of Cdc42 prevents entry of S. typhimurium (Chen et al., 1996), but £ 

neither dominant negative Rac nor inhibition of Rho with C3 exoenzyme pre- £ 

n 
vented membrane ruffling (Jones et al., 1993). For Salmonella, Cdc42 would " 

seem to be the more important target. 

Presumably activation of Rho family proteins is directly or indirectly ac- 
complished by a Bartonella toxin or toxins. If it acts directly on Rho family 
GTPases, this hypothetical toxin could be analogous to toxins (CNF1, DNT) 
known in E. coll, Yersinia, and other bacteria that activate Rho proteins (for a 
review, see Lerm et al., 2000; Chapter 3). CNF1 readily enters cultured cells, 
probably by endocytosis, and is activated in the cytosol, after which it acti- 
vates Rho by deamidation of glutamine 63 and has physiological effects on 
endothelial cells that are similar to those seen after B. bacilliformis infection 
(Vouret-Craviari et al., 1999). Epithelial cells activated with CNF1 demonstrate 
membrane ruffling and membrane protrusions that lead to entrapment of 
bacteria (or even latex particles (Falzano et al., 1993)) in large endocytic vesi- 
cles (macropinosomes). These similarities, however, arise from the fact that 
Rho is activated in Bartonella invasion and as a consequence activates down- 
stream effector proteins, and do not necessarily imply that Bartonella has 
a toxin similar to CNF1. Indeed, other toxins, for example the Pasteurella 
multocida toxin, activate Rho indirectly by affecting upstream signaling (see 
Chapter 2), and Bartonella may operate like this. 
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Both Bartonella and the closely related Brucella carry virB genes, coding 
for Type IV protein translocation systems, which are closely related to those of 
Agrobacter (Schmiederer and Anderson, 2000, Sieira et al., 2000). Inactivation 
of Rho, Rac, and Cdc42 with Clostridial toxins reduces uptake of B. abortus 
by HeLa cells, whereas CNF1 increases internalization. Dominant negative 
Rho, Rac, and Cdc42 inhibit uptake; the dominant positive forms promote 
uptake (Guzman- Verri et al., 2001). 

Two Mechanisms of Entry - Conventional Endosomes 
and Macropinocytosis? 

Caron and Hall (1998) identified two distinct pathways of macrophage phago- 
cytosis, an immunoglobin receptor and Cdc42/Rac-dependent pathway, and 
a complement receptor and Rho-dependent pathway. The existence of sepa- S 
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rate Rho-family GTPase-dependent pathways is consistent with the possibility 3 

that B. bacilliformis might activate multiple pathways for internalization be- g 

cause B. bacilliformis activates all three Rho-GTPases. Alternatively Bartonella ~t 

could cause the formation of a unique endocytic apparatus not directly used u 

by the host cell, as suggested for Shigella (Nobes and Hall, 1995). z 

B. henselae has been shown to enter endothelial cells either as individual ° 

x 
or as a few bacteria enclosed within vacuoles, or alternately in large clumps £ 

(Dehio et al., 1997; Kempf et al., 2000). Up to 24 h is required to complete £ 

n 
internalization of the clumps, but significant numbers of individual bacteria " 

were found to have entered within 2 h. Entry of individual B. henselae is not 
inhibited by Cytochalasin D (Kempf et al., 2001), but internalization of large 
clumps of bacteria by endothelial cells is prevented. These observations seem 
to indicate that two mechanisms of entry must be considered, entry of indi- 
vidual bacteria in small endosomes and entry of large clumps of bacteria by 
macropinocytosis. The latter mechanism might be specialized to endothelial 
cells. 

Entry of Clumps by Macropinocytosis 

A fascinating descriptive study of a unique sequence of events in the inva- 
sion process of endothelial cells by large clumps of B. henselae was reported 
by Dehio et al. (1997). First the leading lamella of migrating endothelial 
cells established contact with the bacteria and moved the bacterial aggre- 
gate on the cell surface by retrograde transport. Subsequently, the bacterial 
aggregate consisting of hundreds of bacteria was engulfed and eventually 
internalized in a well-defined host cell structure, called the invasome. The 



process was shown to be actin dependent because treatment with cytocha- 
lasin D prevented the engulfment and internalization of the bacteria and the 
whole process usually required 24 h. Membrane protrusions were found to 
be highly enriched with F-actin and phosphotyrosine residues with ICAM-1 
redistributed to the tips of the protrusions. Stress fibers and focal adhesions 
were found in association with the bacteria being engulfed. A spontaneous 
mutant impaired in invasome formation showed an increased uptake of bac- 
teria into perinuclear-localizing phagosomes, presumably entering by the 
alternative pathway. Bacterial internalization via the invasome pathway was 
consistently observed with different isolates of B. henselae. 

The invasome pathway is probably equivalent to or a variant of 
macropinocytosis, a process which leads to entrapment of large volumes 
of fluid or particles, including apoptotic cells, within intracellular vacuoles 
(for a review, see Swanson and Watts, 1995). Lamellipodia may fold back 
to enclose fluid or particles and then fuse, resulting in internalization. The 
*j membrane of the macropinosome is probably the same or similar to the 

plasma membrane; it is not coated and its formation is not driven by re- 
ceptors. The macropinosome may fuse with lysosomes in some cell types 

< (macrophages) or may recycle back to the cell surface in others. 
| Macropinocytosis may be induced by CNF1 in epithelial cells, where 

it requires activation of Rho, Rac, and Cdc42 (Fiorentini et al., 2001). The 
method of internalization described by Dehio and co-workers (1997) and the 

< involvement of Rho, Rac, and Cdc42 in internalization (Verma et al., 2000) 
3 strongly indicate that clumps of B. bacilliformis and B. henselae enter cells by 
" a form of macropinocytosis. 

« Other bacteria including Salmonella and Shigella enter through a pro- 

o cess that involves induced macropinocytosis. In particular, Brucella, which 

is closely related to Bartonella, has been reported to enter macrophages by a 

process of macropincytosis (Watarai et al., 2002). 

Possible Relationship of Early Entry in Small Vesicles to Late 
Entry by Macropinocytosis 

Bacteria that enter early might produce factors or toxins that act intracel- 
lularly to facilitate the entry of many more bacteria, entering as clumps 
by macropinocytosis. Expression of the 17-kDa antigen of the virB locus 
(Schmiederer and Anderson, 2000) was greatly stimulated in intracellular 
B. heneselae (Schmiederer et al., 2001). The authors believe that invasion and 
not merely attachment is required for virB induction, as is also the case in 
Brucella suis (Boschiroli et al., 2002). If so, this would suggest that the major 
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activation of Rho that occurs at 12-16 h may be the consequence of intra- 
cellular induction, as well as due to the large number of bacteria present 
intracellularly at this time. 

Bartonella and the closely related Brucella are each found in a perinuclear 
location that co-localizes with Golgi markers. Both B. bacilliformis and B. abor- 
tus associated with the Golgi are redistributed by Brefeldin A (Pizarro-Cerda 
et al., 1998; Verma et al., 2001). It seems likely that in Brucella those bacteria 
that enter in small vesicles induce the retrograde transport of their intracellu- 
lar vesicles to the endoplasmic reticulum (Pizzarro-Cerda et al., 2000). Having 
reached the Golgi, the bacteria are in a position to distribute their proteins 
as if they were host proteins being exported and, at the same time, poten- 
tially to inject proteins or themselves into the cytoplasm of the infected cell 
as though through the back door. Whether this actually occurs is not known. 
It is, however, of considerable interest that the erythrocyte membrane, so S 



» 



dissimilar from the plasma membrane of nucleated cells, has similarities 3 

to Golgi membranes. Some of the membrane proteins of erythrocytes have g 

close isoforms associated with Golgi function (Gascard and Mohandas, 2000). ~t 

For example, spectrin skeleton assembly on the Golgi complex is regulated u 

by ADP-ribosylation factor. Because B. bacilliformis can enter erythrocytes, it z 



o 



is not impossible that it may also enter the Golgi, or pass through internal ° 

K 

membranes. Possibly tricks that evolved in an erythrocyte pathogen became £ 

useful in nucleated cells, or vice versa. It is also of some interest that erythro- £ 

n 
cytes contain several Rho family GTPases, including RhoA, whose function " 

there is unknown but speculatively may involve modulation of spectrin and 
actin interactions in the erythrocyte cytoskeleton (Boukharov and Cohen, 
1998). 

Hewlett et al. (L994) showed that macropinosomes and early or late en- 
dosomes did not mix their contents, and that mixing was not induced by 
Brefeldin A. The morphology of the macropinosome was not altered by 
Brefeldin A, whereas conventional endosomes were altered. This suggests 
that the two populations of bacteria in small vesicles and macropinosomes 
are separate and that they may have different functions. The function of the 
bacteria that enter early via endosomes may be to facilitate the later entry 
of much larger numbers of bacteria by macropinocytosis. The function of 
the bacteria that enter in macropinosomes may be to provide a pool of bac- 
teria that can readily leave the cell, but in the meantime are in a location 
sheltered from the immune system. The membrane of macropinosomes is 
derived from and is essentially the same as the cell membrane. An unusual 
feature of macropinosomes is that they can readily fuse with the cell mem- 
brane to release their contents to the extracellular space. This would provide 



Bartonella with a sheltered location from which it could eventually exit via the 
macropinocytotic revolving door. 

Intracellular Signaling Pathways Downstream of Rho 
Are Activated by Bartonella, Leading to Activation 
of Transcription Factors 

Because all three Rho family GTPases are activated, some of the downstream 
effectors of these proteins were examined for activation as well (Verma and 
Ihler, 2002). The activity of PAK (serine/threonine p21-activated kinase) 
was increased within 1 h of addition of the bacteria, and again at 12-24 h. 
Stress-activated protein kinases SAPK/JNK 1 and 2 and p38 MAPK were also 
activated. 

Activation of SAPK/JNK is known to stimulate c-Jun phosphorylation. 

An increased binding activity of AP-1, composed of heterodimers of Jun and 

*j Fos family proteins, as a result of c-Jun phosphorylation, was found after 

B. bacilliformis infection of endothelial cells (Verma and Ihler, 2002). AP-1 

and hypoxia-inducible factor 1 cooperatively control responses to hypoxia in 

< endothelial cells (Salnikow et al., 2002). Activation of NF-/cB was not seen 
| after infection with B. bacilliformis. 

Activation of NF-/c B by B. henselae did occur, however, within 10-40 min 
h of addition of the cells and resulted in increased expression of E-selectin and 

< ICAM-1 RNA and protein (Fuhrmann et al., 2001). Transcription of the genes 
3 for these proteins is known to require activation and translocation of NF-^rB 

into the nucleus. 

H 

« These results make it evident that Bartonella exert control over the host 

o cell though activation of host programs. 



Alterations of Cell Shape Associated with Activated 
Rho Family Proteins 

Infected HUVECs, initially in a rounded shape, progressively assume an 
elongated or spindle-shaped morphology after 16-24 h infection. The changes 
in cell shape are paralleled by major actin-based changes. The unoriented 
F-actin network of the uninfected cells is replaced by thick F-actin bundles 
arranged in parallel arrays (stress fibers) oriented along the longitudinal axis 
of the cells. Loss of platelet endothelial cell adhesion molecule (PECAM), 
which localizes to cell-cell junctions, and also F-actin at cell-cell contacts 
becomes evident 24 h after infection. Cell-cell junctions are lost and spaces 
form between adjacent cells. It is likely that loss of cell-cell junctions is 
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a mechanical consequence of the change in shape of the endothelial cells, 
although probably there are other contributing factors as well. 

Formation of stress fibers is under the control of Rho. Fluid shear stress 
causes stress fiber formation and changes in focal adhesion arrangement. 
Platelet-activating factor alters stress fibers and causes endothelial cells to re- 
tract (Bussolino et al., 1987); sphingosine-1-phosphate released from platelets 
induces the formation of stress fibers in HUVECs through Rho-mediated sig- 
naling pathways (Miura et al., 2000). Thrombin-induced stress fiber forma- 
tion proceeds through the thrombin receptor and heterotrimeric G proteins 
to Rho. Stress fibers play a role in thrombin-induced increases in permeabil- 
ity via intraendothelial gap formation, although permeability is also regulated 
by increases in cytoplasmic Ca +2 levels (controlled by G proteins and cyclic 
AMP). 

The formation of stress fibers has a most profound effect on endothe- § 
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Hal cells and the microvasculature, and plays an important role in many 3 

processes. Although stress fibers are important in angiogenesis and motility g 

(see below) , it would be premature to assume that the "intent" of the bacterial- ~t 

induced stress fiber formation is angiogenesis. Loss of cell-cell contacts could § 

be regarded as an early step in angiogenesis, in which endothelial cells sever z 



o 



their contacts, migrate, and proliferate in sites of new vascular synthesis. ° 

K 

However, it could as easily be regarded as an aspect of a mechanism to in- £ 

duce leukocyte emigration and the loss of vascular endothelial barrier func- £ 

n 
tion and to establish sites of inflammation. For example, despite the fact that " 

sphingosine-1-phosphate and thrombin each stimulate stress fiber forma- 
tion, thrombin induces cell contraction and rounding whereas sphingosine- 
1-phosphate induces cell spreading and migration (Vouret-Craviari et al., 
2002). Moreover, endostatin, an inhibitor of angiogenesis, induces tyrosine 
phosphorylation of FAK and paxillin and promotes formation of focal ad- 
hesions and stress fibers. We are not yet at the point where we can predict 
biological outcomes from information on cell signaling pathways. 



Cell Motility Is Altered by Infection with B. bacilliformis 

Macropinocytosis and cell motility are closely linked. Migrating cells display 
lamellipodia and filopodia at the leading edge of the cell. Substrate is attached 
to the leading edge of motile cells, at focal complexes (regulated by Rac and 
Cdc42), and at focal adhesions (regulated by Rho) where stress fibers termi- 
nate. Some proteins are common to both macropinocytosis and cell motility 
systems, and mutations in certain proteins inactivate both macropinocyto- 
sis and cell movement. The interconnection between lamellipodia, filopodia, 



and stress fibers, as well as macropinocytosis and cell motility, is strength- 
ened by the observation that Cdc42 can activate Rac, which in turn, can 
activate Rho. 

Endothelial cells infected with B. bacilliformis have a greatly reduced rate 
of cell migration and reduced spontaneous motility (Verma et al., 2001), and 
at the same time are activated for engulfment of bacteria. It appears that 
B. bacilliformis, at least temporarily, activates macropinocytosis/endocytosis 
pathways at the expense of cell motility. 

An analogous system may exist in Dictyostdium. A mutant lacking rasS 
is defective in phagocytosis and fluid-phase endocytosis, and displays a three- 
fold greater rate of cell migration (Chubb et al., 2000). Conversely, cells over- 
expressing RacC displayed three-fold increased phagocytosis and three-fold 
reduced macropinocytosis (Seastone et al., 1998). In this system, rapid mi- 
gration and macropinocytosis appear to be mutually incompatible (Sodhi 
et al, 2000). 
*j Rho family proteins are integral to motility in endothelial cells. For ex- 

ample, sphingosine-1 -phosphate promotes cell migration. Different Edg (en- 
dothelial differentiation gene) G protein-coupled receptors for sphingosine- 
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< 1-phosphate regulate Rac both positively and negatively (Takuwa, 2002) and 

§ can either promote or inhibit cell migration. 

m 

> 

S SIMILARITY OF &4/?70A/E/.L4-INDUCED CHANGES TO VASCULAR 

rf ENDOTHELIAL GROWTH FACTOR (VEGF)-INDUCED PATHWAYS 

" Superficially at least, many events following infection with Bartonella closely 

| resemble those observed in vivo as a consequence of excessive VEGF stim- 

o ulation. For example, mice bearing VEGF-overexpressing tumors developed 

hepatic pathology consisting of dilation of sinusoids, similar to those seen in 
peliosis hepatis associated with B. henselae, and marked endothelial cell prolif- 
eration with apoptosis. Resection of the tumors reversed the liver pathology, 
and administration of VEGF-TRAP R1R2 - a VEGF antagonist - alleviated the 
pathology. Normal sinusoidal space is lined by cytoplasmic extensions of en- 
dothelial cells whose microvilli contact hepatocytes. Pathologic VEGF caused 
retraction of the extensions, rounding of the endothelial cells, detachment, 
and finally active proliferation with high rates of apoptosis. 

Hypoxia is an important stimulator of angiogeneis, playing an important 
role in adaptation to exercise and in pathologic neovascularization, such as 
retinopathy of the premature newborn. Hypoxia is a potent stimulator for 
expression of VEGF, the key regulator of angiogenesis, including patholog- 
ical angiogenesis. Two receptor tyrosine kinases, VEGFR-1 and VEGFR-2, 



are present on the surface of endothelial cells, and are usually upregulated 
under conditions of stimulated angiogenesis, so one might speculate that 
infection with B. bacilliformis might also upregulate VEGFR, but this has not 
yet been shown to be the case. VEGF itself can upregulate VEGFR-2 levels 
(Shen et al., 1998; Kremer et al., 1997). Hypoxia is a potent stimulus for post- 
transcriptionally increased levels of VEGFR-2 and increased functionality of 
the VEGF pathways (Waltenberger et al., 1996). 

Binding of VEGF to VEGFR-2 induces a conformational change, dimer- 
ization, and autophosphorylation of tyrosine residues in the receptor. These 
phosphorylated tyrosines serve as binding sites for various target proteins, in- 
cluding She, Grb-2, c-Src, and Nek, which may themselves become phospho- 
rylated and which activate various intracellular signaling pathways. SHP-1 
and SHP-2, tyrosine phosphatases, also bind, and then deactivate VEGFR 
and terminate the VEGF signal. 5 
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The function of VEGFR- 1 is somewhat unclear, but is probably signifi- 3 

cant because it seems to function as a negative regulator of some of the effects g 

of VEGFR-2 and to have a role in cell migration. VEGFR-1 and -2 each have ~t 

autophosphoylated tyrosine binding sites for PLCy (Seetharam et al., 1995; § 

Takahashietal., 2001). z 

It is likely that the special tropism displayed by Bartonella for endothelial ° 

K 

cells is a consequence of the existence of the VEGF pathways in endothelial £ 

cells and the major role of VEGF in endothelial cell metabolism. In fact, £ 

n 
Bartonella infection does lead to VEGFR2 activation (P. Waidhet-Kouadio " 

and G. Ihler, unpublished). It is possible that B. bacilliformis can directly 
activate VEGFR extracellularly, but it is also possible that VEGFR is activated 
indirectly. There is good evidence that activation of Rho results in activation 
upstream as well as downstream of Rho in endothelial cells; thus, activated 
Rho leads to phosphorylation and activation of the VEGF receptor (Gingras 
et al., 2000). Whether the VEGF receptor is directly activated by B. bacilliformis 
or not, it seems likely that infection with B. bacilliformis will activate the entire 
VEGF program. 

The biochemical effects of VEGFR-2 mediated signal transduction in- 
clude the following: 

1. DNA synthesis and proliferation of cells: VEGF activation of MAP 
kinases ERK1/2 may occur via several pathways (Ras-Raf-MEK-ERK; 
PKC-Raf-MEK-ERK). JNKis also activated. Stimulation of proliferation 
of endothelial cells by Bartonella can be partially or completely explained 
by activation of intracellular proliferation pathways. It is interesting that 
VEGF is a potent mitogen for endothelial cells, but has no mitogenic 
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activity for other cells. Some other cell types, however, do possess 
VEGFR and respond to VEGF in various ways, including migration. 
Inhibition of apoptosis: An important effect of VEGF is the 
enhancement of endothelial cell survival (Katoh et al., 1995; 
Spyridopoulos et al., 1997) by anti-apoptotic signaling. This occurs both 
by a PI3 kinase-dependent activation of Akt/PBK and by expression of 
Bcl-2 and Al, which inhibit the activation of caspases and increase 
synthesis of survival proteins. Inhibition of apoptosis, of course, would 
contribute to proliferation of endothelial cells, which was an early 
finding for B. bacilliformis and B. henselae. 

Rho, Rac, and Cdc42: Infection of endothelial cells by B. bacilliformis is 
dependent on Rho and also results in activation of Rho. A similar 
activation is also stimulated by VEGF. Preincubation of endothelial cells 
with C3 exoenzyme almost entirely prevents entry of B. bacilliformis. 
When C3 exoenzyme is added at various times after the bacteria, further 



*jj internalization of the bacteria is prevented. After addition of C3 

5 exoenzyme, there is no further increase in the number of internalized 

p bacteria and also no further increase in the percentage of cells that are 

< infected. Thus, activation of the Rho-family portion of the VEGF 

5 pathways (and perhaps all VEGF-controlled pathways) seems to be 

m 



essential to infection by B. bacilliformis. 
h 4. Paxillin and focal adhesions: VEGF induces a Src-dependent tyrosine 

2 

< phosphorylation of FAK (Abu-Ghazaleh et al., 2001), which is required 

pf 

3 for development of new focal adhesion formation. VEGF also induces 

~ tyrosine phosphorylation of paxillin, which localizes to focal contacts. 

« Verma et al. (?001) reported that, after B. bacilliformis infection, the 

o prominent stress fibres terminated in an increased number of 

paxillin-containing focal contacts, located particularly at the distal ends 

of the longitudinal axis of infected cells, which firmly adhered the 

endothelial cells to the substratum. 

5. Stress fibers and actin reorganization: VEGF activates p38 MAP kinase, 
which is on the pathway to actin reorganization because a p38 kinase 
inhibitor blocks actin reorganization. VEGF increases stress fiber 
formation. Increased formation of p38 MAP kinase and formation of 
actin stress fibers were observed to occur after B. bacilliformis infection 
(Verma et al, 2001; Verma and Ihler, 2002). 

6. Vacuoles and lumens: In a 3-dimensional matrix, endothelial cells form 
vacuoles that coalesce to form lumens within 24 hrs. In this system, 
B. bacilliformis-infected endothelial cells contained numerous vesicles. 
But the BartoneHo-induced vacuoles did not fuse to form lumens, and 



eventually the cells died. However, in general, macropinosomes are 
capable of fusion with other macropinosomes (Hewlett et al., 1994). 
Because of the activation of Rho, Rac, and Cdc42 by Bartonella, the 
participation of these GTPases in vacuole and lumen formation was 
investigated. Rho was reported to play little or no role, but Cdc42 and 
Rac GTPases were shown to regulate intracellular vacuole and lumen 
formation in this system, and were targeted to the vacuolar membrane 
in a 3-dimensional matrix (Bayless and Davis, 2002). Possibly the intense 
activation of Rho by B. bacilliformis prevented the correct functioning of 
the fluid uptake and lumen-forming system. 

It is possible that some minor modification of the infection protocol 
might have allowed vesicle fusion and lumen formation, and in vitro 
capillary formation in the infected cells; but it is perhaps more likely that 
in vivo uninfected cells, stimulated by the intense angiogenic S 

environment, are responsible for new capillary formation and that 3 

infected cells are defective. It is, after all, asking a lot to expect |5 

Bartondk-infected cells to reproduce the entire complex process of ~t 

angiogenesis. o 

In macrophages, macropinosomes eventually merge with the 

lysosomal compartment. However, in other cells they eventually recycle ° 

K 
the contents to the cell surface. It seems possible that this is what is £ 

happening in endothelial cells during angiogenesis, except that the h 

n 
macropinosome becomes the cell surface at the lumen and the contents " 

are recycled outside into the nascent capillary. 

7. Prostaglandin 12 and NO production: VEGF stimulates endothelial 
production of NO and Prostaglandin 12, mediators with vascular 
protective effects. VEGF stimulates endothelial production of NO by 
increasing levels of NOS-II and NOS-III and activating them. Thus far 
there has not been a determination of the effect of Bartonella invasion on 
production of these and other mediators by endothelial cells, or on 
reactive oxygen production, but it might be reasonable to assume that 
these are important aspects of Bartonella infection. 

8. Transcription factors: The physiological consequences of VEGF binding 
to the VEGFR1 receptor in the endothelial cell might be quite similar to 
B. bacilliformis activation of the VEGF receptor, which might occur either 
directly or by downstream activation of Rho-GTPases. A precedent for 
this is that direct injection of CNF1 into cells activated factors 
traditionally thought to be upstream of Rho-GTPases as well as 
downstream effectors7, including the VEGF receptor itself, which was 
phosphorylated and stimulated (Gingras et al., 2000). B. bacilliformis 



infection does result in VEGFR2 activation (P. Waidhet-Kouadio and 
G. Ihler, unpublished). Consequently, all VEGF-associated pathways are 
likely to be activated in infected cells, whether or not Rho-GTPases lie 
directly in those pathways. 



Other Cell Types Probably Produce VEGF, Which Stimulates 
Endothelial Cells in the Verruga 

Direct co-cultivation of B. henselae with EA.hy 926 and HeLa cells resulted in 
formation of intracellular bacteria and also production of VEGF, whereas 
HUVEC, although infected, did not produce VEGF (Kempf et al., 2001). 
Verma et al. (2001) also reported an inability to demonstrate increased levels 
of VEGF from HUVEC infected with B. bacilliformis, although RNA levels 
g were modestly increased. Endothelial cells do not generally express VEGF, 

3 but rather respond to VEGF. Presumably, autocrine stimulation of endothe- 

n Hal cells would be detrimental. This result does not necessarily mean that 

«J Bartonella infection of other cell types in vivo is necessary for VEGF pro- 

§ duction, because heat-killed B. henselae were effective in inducing VEGF, and 

LPS is capable of inducing synthesis of VEGF from some cell types (Sugishita 
« et al., 2000). Resto-Ruiz et al. @002) found that THP-1 macrophages infected 

< with B. henselae stimulated VEGF production two-fold, whereas bacteria that 

£ had been boiled for 30 min inhibited production of VEGF. Infection also stim- 

ulated production of IL-1 beta, but not IL-8. Addition of cytochalasin D did not 
a reduce the level of VEGF synthesis, and the absence of intracellular phago- 

\2 cytosed bacteria indicated that attachment was sufficient to induce VEGF 

% and IL-1B. 
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The implication is that inflammation caused by various bacterial products 
results in local stimulation of VEGF synthesis. It seems likely that VEGF 
stimulation of HUVEC may play a role in activating cells for invasion. 



Immune Modulation by VEGF 

Long-lived persistence of the verruga is probably a key element in the 
B. bacilliformis life cycle, and permits maximal retransmission of the dis- 
ease. B. bacilliformis itself is quite immunogenic, and survivors have life-long 
immunity. Consequently, the persistence of the bacteria cannot be ascribed 
to some stealth property of the bacterial outer membrane. Alterations in 
many host immunity signaling molecules are probably responsible for local 
immunodeficiency. 



One factor that is very likely to be involved is the ability of VEGF to 
induce immunodeficiency (Ohm and Carbone, 2001). VEGF synthesis by tu- 
mors serves to enhance the blood supply to the tumor through angiogenesis, 
but also the high levels of VEGF diminish the effectiveness of anti-tumor 
immune responses. The tumor-like properties of the verruga have been of- 
ten commented upon (Arias-Stella et al., 1987) and the lesions of bacillary 
angiomatosis are pathologically very similar to Kaposi's sarcoma, except that 
Kaposi's sarcoma cannot be cured with antibiotics. A recent case of B. henselae 
infection was initially considered as a putative parotid gland tumor (Kempf 
et al., 2001), and the differential diagnosis of cat-scratch disease can include 
lymphoma, carcinoma, and neuroblastoma (Morbidity and Mortality Weekly 
Report, 2002). 

Perhaps B. bacilliformis has taken advantage of the immunodeficiency- 
inducing properties of VEGF in the establishment of the verruga. The com- § 
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plete ramifications of this for understanding formation and persistence of 3 

the verruga are certainly not clear, but a suggestive mechanism can be out- g 

lined. In part, immunosuppression may be exerted on mature cells as part ~t 

of an impairment in cell-mediated responses, and in part by inhibiting the § 

maturation of cells, especially dendritic cells. Immature dendritic cells take z 



o 



up extracellular fluid by Rho family-dependent macropinocytosis at a rapid ° 

K 

rate, which they constitutively process for antigens (for a review see Nobes £ 

and Marsh, 2000). Inflammatory stimuli, or bacterial components such as £ 

n 
LPS, terminate this passive sentinel activity and cause both downregulation " 

of macropinocytosis and dendritic cell maturation. Thus, the acquired anti- 
gens are presented only if there is other evidence of active inflammation or 
infection. If continued macropinocytosis prevents maturation, it may be that 
a B. bacilliformis toxin can cause persistence of macropinocytosis through 
Rho, Rac, and Cdc42. Perhaps more importantly, in dendritic cells, VEGF 
has been shown to inhibit NF-/C B activity, which results in impaired matu- 
ration of dendritic cells (Gabrilovich et al., 1996; Oyama et al., 1998). NF-k B 
is also activated in dendritic cells by various bacterial stimuli, including LPS 
and TNFa, and for TNFcf at least, VEGF has been shown to block NF-kB 
activation (Oyama et al., 1998). It would appear that activation as well as mat- 
uration is inhibited by VEGF. In fact, LPS augments synthesis and secretion 
of VEGF in myocytes (Sugishita et al., 2000), so that bacterial production of 
LPS may be capable of eliciting VEGF synthesis from nearby non-endothelial 
cells, thus activating the endothelial cells. TNFo' is also an important agent 
for release of VEGF from various cell types. 

On the other hand, LPS and TNFa can each also downregulate VEGF 
receptor density on endothelial cells in a soluble CD14-dependent manner 



(Power et al., 2001). HUVEC also have mCD14 (Jersmann et al., 2001). Thus, 
it is clear that bacterial products can both stimulate synthesis of VEGF and, 
at the same time, reduce the number of VEGF receptors on endothelial cells. 
The effect of this may be to greatly increase the amount of VEGF produced, 
which might augment immunosuppressive effects within the verruga. 

LPS initially induces synthesis of E-selectin and ICAM-1 via NF-kB acti- 
vation, but persistent levels of LPS induce tolerance in HUVEC, so that there 
is ultimately reduced adhesion of polymorphonuclear neutrophils, as well as 
E-selectin, ICAM-1, and NF-/cB (Lush et al, 2000). 

ANTI-APOPTOSIS AND APOPTOSIS 

A desirable host response to invasion of endothelial cells would presumably 
include death of the infected cells by apoptosis because endothelial cells die by 
apoptosis. Under some circumstances, infection of the HUVEC does result in 
*j cell death. For example, Verma et al. (2001) reported that when cells infected 

with B. bacilliformis were placed in an exceptionally rich medium used for in 
vitro angiogenesis and capillary formation, the infected cells died instead of 

< performing angiogenesis. On the other hand, during infection of HUVECs, 
| the HUVECs proliferated better than the control cells (A. Verma and G. Ihler, 

unpublished observations). 

Several reports of enhanced proliferation were interpreted to suggest that 

< Bartonella stimulates growth of endothelial cells. For example, co-cultivation 
3 of endothelial cells with B. bacilliformis (Garcia et al., 1992), or even with a 
" cell-free extract from the bacteria (Garcia et al., 1990), resulted in a greater 
| number of endothelial cells than if the cells were grown in the absence of 
o the bacteria or the supernatant factor. This observation seemed to fit with 

the general expectation that Bartonella should stimulate endothelial cells as 
part of its stimulation of angiogenesis, especially because the observed effect 
on growth seemed to be confined to endothelial cells. This growth factor is 
believed to be a protein, as it has been shown to be heat sensitive and larger 
than 14 kDa, and can be precipitated with 45% ammonium sulfate. Thus 
far, however, the factor responsible for the effect remains uncharacterized. 
B. henselae stimulated proliferation and also migration of HUVEC, an effect 
reproduced by a trypsin-sensitive particulate fraction from the disrupted cells 
(Conley et al., 1994). B. henselae separated from HUVECs by a membrane 
or culture supernatants stimulated growth (Maeno et al., 1999). However, 
B. henselae did not stimulate incorporation of BrdU into endothelial cell DNA, 
although both mitogens VEGF and bFGF did (Kirby and Nekorchuk, 2002). 
Several reports also argue that Bartonella infection has an anti-apoptotic effect. 
B. henselae infection reduced cell death resulting from either starvation for 
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growth factors in serum or actinomycin D (Kirby and Nekorchuk, 2002). 
Presumably, an absence of pro-growth stimuli is the reason that uninfected 
cells grown in the absence of serum die. The cells died less when infected with 
Bartonella. From this alone, it is hard to decide whether Bartonella provides a 
pro-growth or an anti-apoptotic stimulus. In fact, to a certain extent, the two 
are simply opposite sides of the coin. 

It is presently not certain whether the stimulatory effect and the anti- 
apoptosis effect are one and the same, or whether there are two effects, al- 
though it is simpler to assume that they are the same. Bacterial anti-apoptosis 
can be achieved either by an activating signal, which would render the cells 
less susceptible or more resistant to apoptotic stimuli, or by direct interference 
with the proteins that carry out apoptosis, for example inhibition of caspases 
(reviewed by Hacker and Fischer, 2002). Prior to definitive caspase actions, 
a balancing of pro- and anti-apoptotic stimuli determines the fate of the cell. § 
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The effect of increased NF-/cB activity is well known to provide protection 3 

against apoptosis by mechanisms that include increased synthesis of anti- g 

apoptotic proteins. In addition, the activation of Rho family proteins, and the ~t 

resulting changes in cell morphology/function that occur, would be expected § 

to have an anti-apoptotic effect. For example sphingosine-1-phosphate act- z 



o 



ing through heterotrimeric G protein-linked receptors both stimulates cell ° 

K 

proliferation and provides protection from apoptosis (Hisano et al., 1999). £ 

Thus Bartonella would automatically promote anti-apoptosis by activating £ 

n 
Rho-dependent and other pathways. " 

Because bacterial products (e.g., LPS) have apoptosis-inducing effects, 

to a certain extent Bartonella may be fighting itself. Why not simply leave 

out both the protecting and inducing molecules? Possibly, molecules that 

induce apoptosis are intended for non-endothelial cells (e.g. lymphocytes) 

and protection is extended only to infected endothelial cells. 



OTHER ROLES OF RHO-GTPASES RELATING TO IMMUNITY 

Rho-GTPases are important to a large extent because actin is important. Be- 
cause of the central role of actin, numerous aspects of endothelial cell function 
depend on Rho-family GTPases. One of the most important functions of en- 
dothelial cells is facilitation of extravasation of leukocytes by arresting their 
progress through the expression (upregulated by inflammatory cytokines) 
and clustering of leukocyte binding proteins and by reduced adherence to 
neighboring endothelial cells. For example, clustering of monocyte receptors 
E-selectin, ICAM-1, and VCAM-1 and their linkage to the actin cytoskeleton 
are modulated by Rho (but not Rac or Cdc42) (Wojciak-Stothard et al., 1999), 
and so inhibition of Rho results in impaired adhesion of monocytes. Bacteria 



that inactivate Rho may thus readily achieve impairment of crucial Rho- 
dependent functions such as monocyte adherence. Bacteria like Bartonella, 
which activate Rho, presumably do so to induce the endothelial cells to per- 
form functions not present in quiescent cells. Introduction of constitutively 
activated Rho into quiescent HUVECs does not increase adhesion of mono- 
cytes, unless they had been stimulated with TOTa (Wojciak-Stothard et al., 
1999) . Potentially, it could be possible for bacteria such as Bartonella to activate 
Rho without enhancing leukocyte adhesion, but in fact B. henselae markedly 
upregulates E-selectin (at early times) and ICAM-1 (at later times) in an NF- 
k B dependent manner. This stimulation can be effected by outer membrane 
proteins or by sonicated extracts and does not require live bacteria or bacterial 
infection, because the nonpiliated strain, unable to invade endothelial cells, 
induced ICAM-1 (Fuhrmann et al., 2001; Maeno et al., 2002;). The presence of 
these adhesive endothelial proteins markedly enhances rolling and adhesion 
of leukocytes. 
*j IL-8, an angiogenic and neutrophil-recruitment factor, acts through two 

5 IL-8 receptors that are present on endothelial cells. Through IL-8 receptor 

type-1, IL-8 activates Rho leading to actin polymerization and stress fiber for- 

< mation. Rac is activated through IL-8 receptor type-2 activation and leads to 
S cell retraction and gap formation between adjacent cells (Schraufstatter et al., 

2001). The importance of IL-8 to endothelial cell function is emphasized by 
the observation that IL-8 is stored in Weibel-Palade bodies in some endothe- 

< Hal cells (but not HUVEC) and is released by inflammatory stimuli such as 
histamine or thrombin (Utgaard et al., 1998). 
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a FUTURE DIRECTIONS 

< 



The lesions of B. bacilliformis and B. henselae are long lasting and must involve 
manipulation and modulation of the host immune response. Because these 
infections are ultimately benign and curable and yet present some of the 
complex biological features of neoplastic growth, they may provide a useful 
model system in humans for the testing and further development of therapies 
and drugs that target neoplastic angiogenesis. Increased knowledge about the 
interplay of host and bacterial signaling systems may help to unravel both the 
remaining mysteries of angiogenesis and the apparently close relationship 
between angiogenesis and tumor biology. 
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CHAPTER 6 



Type Ill-delivered toxins that target 
signalling pathways 



Luis J Mota and Guy R Cornells 



Upon infection, pathogenic bacteria must evade the immune defence of their 
host in order to multiply. To this end, many bacteria secrete toxins as part 
of their virulence mechanism. In a classical view, toxins are molecules that 
cause intoxication upon their release by bacteria into the body fluids. How- 
ever, in the last 10 years a different class of bacterial toxin has been recog- 
nised. These molecules are not simply secreted by the bacterium, but instead 
they are delivered directly from the bacterial cytoplasm into the cytoplasm of 
the eukaryotic cell by specialised secretion machines present exclusively in 
Gram-negative bacteria. These are the so-called type III or type IV secretion 
systems, depending on whether they use a structure resembling the flagella 
or conjugative pili, respectively. In this chapter, we will describe the mode 
of action of toxins delivered by type III secretion systems (TTSSs). These 
molecules, currently known as type III effectors, have been shown to act on 
different host signalling pathways controlling a number of responses, and in 
some cases interfere with cell growth. 

TYPE III SECRETION SYSTEMS 

TTSSs are present not only in bacteria that are pathogenic for animals but 
also in bacteria pathogenic for plants or even in symbionts for plants and 
insects (Cornelis and Van Gijsegem, 2000). We will restrict our analysis to 
the action of type III effectors of animal pathogens. Among these, type III 
effectors have been identified in Yersinia spp., in Salmonella spp., in Shigella 
spp., in enteropathogenic and enterohaemorrhagic Escherichia coli, in Pseu- 
domonas aeruginosa, and more recently, in Burkholderia pseudomallei (Stevens 
et al., 2003). For comprehensive reviews covering the different aspects of 
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Figure 6.1. The Yersinia Ysc-Yop model of type III secretion. When Yersinia is placed at 
the temperature of its host, a needle-like structure called the Ysc injectisome is assembled 
and a stock of Yop proteins is produced. Some Yops are kept in the cytoplasm bound to 
their specific Syc chaperone. In the absence of contact with a eukaryotic cell, the secretion 
channel is closed (secretion OFF). Upon contact with a eukaryotic cell, the bacterial 
adhesins Invasin and YadA interact with integrins at the surface of the eukaryotic cell, 
which docks the bacterium at the cell's surface and promotes opening of the secretion 
channel (secretion ON). YopB and YopD form a pore in the target cell plasma membrane; 
and the Yop effectors are delivered into the eukaryotic cell cytosol through this pore. 
Among the effectors, YopM is further translocated into the cell nucleus. The Yop proteins 
are not drawn to scale. OM, outer membrane; P, peptidoglycan; IM, inner membrane. 
Adapted from Cornelis (>002). 



TTSSs and a more complete list of references see Cornelis and Van Gijsegem 
£000) and Buttner and Bonas £002). 

The physiological function of TTSSs is to deliver bacterial proteins into 
eukaryotic cells. This is accomplished by a complex secretion system. The 
proteins not only are secreted across the two bacterial membranes but are 
also translocated across the eukaryotic cell membrane. The Ysc-Yop TTSS 
of Yersinia is one of the best studied and provides a good model to under- 
stand how type III secretion works (Figure 6.1) (Cornelis, 2002). The sys- 
tem consists of secreted proteins, called Yops, and their dedicated type III 



secretion apparatus, a needle-like complex called the Ysc injectisome. The 
length of the needle is controlled by the YscP protein, which was recently 
shown to act as a molecular ruler (Journet et al., 2003). The Yop proteins 
include intracellular "effectors" (YopE, YopH, YopM, YpkA/YopO, YopJ/P, 
YopT) and "translocators" (YopB, YopD, LcrV), which form a pore in the host 
cell plasma membrane and are needed to deliver the effectors into the cy- 
tosol of eukaryotic target cells. The system also secretes proteins that seem to 
have an exclusive regulatory role in the bacteria (YopN, YopQ, YscM/LcrQ), 
components of the Ysc injectisome itself (YscP, YscF), and one protein with 
unknown function (YopR). Secretion of some Yops requires the assistance, 
in the bacterial cytosol, of small individual type III chaperones, called the Syc 
proteins, which bind specifically to their cognate Yop. One of the hallmarks of 
type III secretion is that its substrates have no classical cleaved NH 2 -terminal 
signal sequence, but Yops are nevertheless recognised by the NH2-terminus. 
Furthermore, type III secretion is a contact-dependent phenomenon, and 
physiological secretion of Yops is triggered by intimate contact between an 
invading bacterium and a target cell. In general, these basic principles are 
shared by the other TTSSs. 

THE ACTION OF TYPE III EFFECTORS ON HOST 
SIGNALLING PATHWAYS 

The mode of action and biochemical activities of type III effectors identified to 
date are described below, in the context of the different bacterial pathogenesis 
mechanisms. 

Type III Effectors Acting on Small GTP-binding Proteins 

Small GTP-binding proteins act as molecular switches to regulate many es- 
sential cellular processes (Takai et al., 2001). Therefore, they are ideal targets 
for bacterial toxins (Boquet, 2000; see also Chapter 3), and type III effectors 
are no exception. Small GTP-binding proteins constitute a superfamily struc- 
turally classified into distinct groups: the Ras, Rho, Rab, Sarl/Arf, and Ran 
families. Through gene expression regulation, Ras proteins control cell pro- 
liferation, differentiation, morphology, and apoptosis. The Rho proteins are 
master regulators of cytoskeleton dynamics and also control gene expression. 
The Rab and Sarl/Arf families control vesicle trafficking and Ran proteins 
regulate nucleocytoplasmic transport and microtubule organisation. Small 
GTP-binding proteins cycle between an inactive GDP-bound state and an 
activated GTP-bound state. Activation occurs by GDP and GTP exchange, a 



process promoted by guanine nucleotide exchange factors (GEFs). Inactiva- 
tion occurs by GTP hydrolysis through the action of their intrinsic GTPase 
activity, a process facilitated by GTPase activating proteins (GAPs). When ac- 
tivated, the small GTP binding proteins interact with a wide variety of effector 
proteins to mediate downstream signalling. Small GTP -binding proteins of 
the Ras, Rho, and Rab families have sequences at their carboxyl termini 
that undergo post-translational modifications with lipid, such as farnesyl or 
geranygeranyl. This lipid modification is required for their binding to mem- 
branes and activation of downstream effectors. 

In the case of type III effectors, a recurring theme is modulation of 
cytoskeleton dynamics, either to promote bacterial entry into host cells or to 
prevent uptake by phagocytic cells. It is therefore not surprising that small 
GTP-binding proteins of the Rho family (RhoGTPases) are major targets of 
S3 type III effectors. In addition, type III effectors have been found to act on 

a proteins from the Ras and Rab family. 

o 

u 

OS 

g Type III Effectors That Modulate RhoGTPase Signalling 

g and Promote Bacterial Entry 

< 

h The ability to enter cells that are normally non-phagocytic, such as those 

J that line the intestinal epithelium, is an essential step in the pathogenesis of 

-g Salmonella and Shigella. In each case the entry of these intracellular pathogens 

is promoted by a set of type III effectors that either directly or indirectly 

modulate RhoGTPases. The most extensively characterised RhoGTPases are 

Cdc42, Racl, and RhoA (Hall, 1998). Cdc42 induces the formation of actin- 

rich finger-like protrusions called filopodia, whereas Racl determines the 

formation of pseudopodial structures called lamellipodia and of membrane 

ruffles. RhoA induces the formation of actin stress fibres and focal adhesions. 

The Concerted Action of Salmonella Effectors on RhoGTPases 

Salmonella enterica encodes two TTSSs located at discrete regions of its chro- 
mosome (pathogenicity islands 1 and 2, named SPI-1 and SPI-2) that are es- 
sential for pathogenicity (reviewed by Galan, 2001). While the SPI-1 encoded 
TTSS is required for the initial interaction of Salmonella with the intestinal 
epithelial cells, SPI-2 is required for systemic infection. 

The interaction of Salmonella with cultured epithelial cells triggers 
signal transduction pathways that lead to a variety of cellular responses 
(Galan, 2001). One of these responses is characterised by pronounced mem- 
brane ruffling and actin cytoskeleton rearrangements that are accompanied 
by macropinocytosis and internalisation of the bacteria. Another cellular 
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Figure 6.2. The action of Salmonella type III effectors SopE, SopE2, SopB, and SptP on 
RhoGTPases. SopE and SopE2 (closely related proteins) activate Cdc42 and Racl through 
their GEF activity. SopB also activates Cdc42 through its inositol phosphatase activity, but 
it is unclear how the SopB-mediated conversion of inositol pentakisphosphate (InsPs) into 
inositol tetrakisphosphate (InsP4) leads to Cdc42 activation. The interaction of the 
activated RhoGTPases with downstream effectors (ACK, PAK, and presumably WASP) 
mediates the Solmoneffo-induced cellular responses that promote bacterial entry and 
induce an inflammatory response. SptP, through its GAP activity towards Cdc42 and 
Racl, seems to subsequently reverse Snlmoneiia-induced cellular changes. To simplify the 
figure, SptP is represented promoting release of the GDP-bound Cdc42/Racl from 
membranes, which has never been experimentally demonstrated. 



response is the activation of the mitogen-activated protein kinases (MAPKs), 
extracellular signal regulatory kinase (ERK), c-Jun NH 2 -terminal kinase 
(JNK), and p38. Stimulation of these MAPK pathways leads to the activa- 
tion of the transcription factors AP-1 and nuclear factor (NF)-/cB, leading 
to the production of pro-inflammatory cytokines, an important feature of 
Salmonella pathogenesis. These cellular responses result mostly from the 
concerted activity of a subset of SPI-1 effectors (SopE, SopB and, SptP) acting 
on RhoGTPases (Figure 6.2). 

The Salmonella SPI-1 type III effector, SopE, binds to Cdc42 and Racl, 
and exhibits in vitro GEF activity for both GTPases (Figure 6.2) (Hardt et al., 
1998). Consistently, transient transfection or microinjection of SopE into 
host cells results in the stimulation of Cdc42- and Racl-dependent actin 



cytoskeleton rearrangements resembling those induced by Salmonella in- 
fection. Furthermore, SopE induces JNK activation, also in a Cdc42- and 
Racl -dependent manner (Hardt et al., 1998). SopE is absent from most 
S. enterica subspecies I serovar Typhimurium strains, but a closely related 
protein (SopE2) that is present in all Typhimurium strains was found to have 
similar properties to SopE (Stender et al., 2000). 

The SPI-1 TTSS effector SopB (also known as SigD) is an inositol phos- 
phatase that is also able, by itself, to stimulate actin cytoskeleton rearrange- 
ments and mediate bacterial entry (Zhou et al., 2001). SopB also induces 
nuclear responses, mainly through the activation of JNK. Its ability to me- 
diate bacterial entry is dependent on its phosphatase activity and requires 
Cdc42, but not Racl (Zhou et al., 2001). The Cdc42-activating functions of 
SopB are most likely the result of changes in phosphoinositide metabolism. 

S£ Salmonella infection of intestinal cells results in a marked increase in inositol 

hi 

% 1,4,5, 6-tetrakisphosphate [Ins(l,4,5,6)P 4 ] that is dependent on SopB (Norris 

8 et al., 1998). Accordingly, purified SopB specifically desphosphorylates in- 

I ositol 1,3,4,5,6-pentakisphosphate [Ins(l,3,4,5,6)P 5 ] to Ins(l,4,5,6)P 4 in vitro 

^ (Zhou et al., 2001). How the SopB-mediated conversion of Ins(l, 3,4,5, 6)Ps 

^ to Ins(l,4,5,6)P4 activates Cdc42 is unknown (Figure 6.2). The process of 

g Salmonella entry is also modulated by two other SPI-1 TTSS substrates, SipA 

J and SipC, which directly modulate actin dynamics through binding to actin 

-q (Galan, 2001). 

The actin cytoskeleton changes induced by Salmonella are reversible, 
and after bacterial invasion the infected cells regain their normal architec- 
ture (Galan, 2001). The SPI-1 type III effector SptP seems to actively par- 
ticipate in this process. The SptP protein has a two-domain modular archi- 
tecture. Accordingly, SptP possesses two distinct biochemical activities. The 
amino-terminal shows GAP activity towards Cdc42 and Racl (Fu and Galan, 
1999), and the carboxyl-terminal domain exhibits tyrosine phosphatase activ- 
ity (Kaniga et al., 1996). The rebuilding of the normal architecture of the host 
cell actin cytoskeleton that follows Salmonella entry appears to be mediated 
entirely by the GAP domain of SptP (Fu and Galan, 1999), which presumably 
reverses the activation of RhoGTPases by SopE (Figure 6.2). 

Thus, the concerted action of SopE and SptP promotes bacterial inter- 
nalisation through the GEF activity of SopE, which is followed by the re- 
establishment of the normal cytoskeleton architecture via the GAP activity of 
SptP. The cellular basis for the implicit temporal regulation in SopE and SptP 
activity has recently been shown to be due to differential host cell proteasome- 
mediated degradation kinetics of these two type III effectors (Kubori and 
Galan, 2003). 



Modulation of RhoGTPase Signalling by Shigella Effectors 

Upon contact with cultured epithelial cells, Shigella also induces the forma- 
tion of membrane leaflets that rise and merge above the bacterial body to 
allow its internalisation by the cell in a macropinocytic process. This process 
is determined by actin polymerisation at the site of bacterial contact with 
the cell membrane and involves the RhoGTPases, Cdc42, Racl, and RhoA 
(reviewed by Tran Van Nhieu et al., 2000). 

The IpaB and IpaC proteins form a pore complex in the host cell mem- 
brane, presumably through which the other Shigella type III effectors are 
delivered inside the eukaryotic cell (Tran Van Nhieu et al., 2000). The 
IpaB - IpaC complex is also required for Shigella entry, as first suggested 
by the observation that epithelial cells internalise latex beads coated with 
IpaB - IpaC (Menard et al., 1996). The role of IpaB - IpaC in internalisa- 3 

tion was further strengthened by addition of IpaC to semi-permeabilised 
cells or microinjection of IpaC in intact cells, which in both cases induces <!, 

the formation of filopodial and lamellipodial extensions, resembling those E 

induced by Shigella (Van Nhieu et al., 1999). The effects of IpaC on the w 

cytoskeleton are most likely to be mediated by activation of Cdc42 (Van " 

Nhieu et al., 1999). Because Cdc42 can activate Racl (Hall, 1998), this al- c 

lows the conversion of the IpaC-induced filopodial structures into lamel- " 

lipodia. The IpaC protein is attached to the plasma membrane, presum- 
ably through a central hydrophobic domain, and the amino- and carboxy- 
termini of IpaC are believed to mediate the described actin rearrangements 
(Tran Van Nhieu et al., 2000). However, IpaC does not possess GEF ac- 
tivity, and the mechanism by which it activates Cdc42 and subsequently 
Racl is unknown. Another Shigella effector, VirA, has been shown to be 
required for efficient entry of Shigella into epithelial cells (Uchiya et al., 
1995). VirA interacts with tubulin to promote microtubule destabilisation 
and elicit protrusions of membrane ruffling through the activation of Racl, 
thus promoting bacterial entry (Yoshida et al., 2002). After the activation of 
the RhoGTPases, their downregulation is also required for completion of 
bacterial internalisation. The IpaA protein, another type III effector, seems 
to be involved in this process through binding to vinculin (Bourdet-Sicard 
et al., 1999). Furthermore, as mentioned before, RhoA is also involved in 
Shigella uptake. RhoA allows the recruitment at entry foci of cytoskeletal 
proteins, such as ezrin, that is important for the organisation of the 
IpaC-induced extensions into a productive entry site (Skoudy et al., 1999). 
However, to date, no type III effector from Shigella has been shown to 
activate RhoA. 



Type III Effectors Acting on Small GTP-Binding Proteins and 
Preventing Bacterial Uptake 

Pathogenic Yersinia spp. (Y enterocolitica, Y. pestis and Y. pseudotuberculosis) 
multiply extracellularly in lymphatic tissues of their host. The Yersinia survival 
mechanism is to avoid the innate immune system, in particular by inhibiting 
phagocytosis and downregulating the anti-inflammatory response (reviewed 
by Cornelis, 2002). Pseudomonas aeruginosa is an opportunistic pathogen that 
is associated with acute infections when normal host defences are impaired or 
when extensive tissue damage has occurred (Lyczak et al., 2000). P. aeruginosa 
is also an extracellular pathogen and, although not as well established as 
Yersinia, a central feature of its pathogenicity seems to be to avoid being 
phagocytosed. Both Yersinia and P. aeruginosa inject into host cells type III 
effectors that disrupt RhoGTPases signalling pathways that are known to 
m play an important role in phagocytosis processes (Caron and Hall, 1998). In 

g addition, one of the type III effectors delivered by P. aeruginosa also acts on 

pa small GTP-binding proteins of the Ras and Rab family, which may confer 

3 upon P. aeruginosa the capacity to inhibit wound healing processes, tissue 

g regeneration, and motility, thus compromising cell viability (Olson et al., 

3 1999). 



The Activity of Yersinia YopE and YopT on RhoGTPases 

Four Yersinia type III toxins, YopE, YopH, YpkA (YopO in Y. enterocol- 
itica), and YopT, have been shown to confer resistance to phagocytosis 
by macrophages and polymorphonuclear leukocytes (PMNs) (Figure 6.3) 
(Grosdent et al., 2002). Although it interacts with RhoA and Racl, the ac- 
tion of YpkA/YopO on RhoGTPases has not been clearly established. For 
this reason, YpkA/YopO will be discussed separately below. 

Delivery of YopE into epithelial cells and macrophages leads to a cytotoxic 
response characterised by cell rounding and detachment from the extracellu- 
lar matrix, resulting from the disruption of the actin microfilament network 
(Rosqvist et al., 1991). YopE is similar to the amino terminal domain of SptP. 
It displays in vitro GAP activity towards RhoA, Racl, and Cdc42 and bears 
an arginine-finger motif similar to those found in mammalian GAP proteins 
(von Pawel-Rammingen et al., 2000). The mechanism of inhibition of phago- 
cytosis by YopE results from its GAP activity (Black and Bliska, 2000). The 
actual preferred substrate(s) of YopE under physiological conditions seems 
to be Racl (Figure 6.3) (Andor et al., 2001). 

YopT exerts a strong depolymerising effect on actin (Iriarte and Cornelis, 
1998). This effector is a cysteine protease that releases RhoA from the cell 
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Figure 6.3. The action of the Yersinia type III effectors YopE, YopH, YopT, and 
YpkA/YopO. Through their respective GAP and protease activities, YopE and YopT 
inactivate RhoGTPases. The YpkA/YopO kinase interacts with, and is activated by, actin. 
YpkA/YopO also interacts with RhoGTPases (either GTP or GDP bound), but the target(s) 
of the kinase is unknown. The PTPase YopH is targeted to focal adhesions and to other 
protein complexes, where it dephosphorylates proteins such as focal adhesion kinase 
(FAK), pl30 Cas , Fyb, and SKAP-HOM. YopH also blocks the PI3K/PKB pathway, probably 
by acting on a tyrosine-phosphorylated receptor. Upon stimulation with Yersinia LPS, the 
activated PI3K phosphorylates inositol phospholipids (Ptdlns). The phosphorylated Ptdlns 
(PtdlnsP) then recruit proteins, such as phosphoinositide-dependent-kinase-1 (PDK-1), 
that phosphorylate and activate PKB. The production of MCP-1 is dependent on this 
phosphorylation cascade, and thus YopH should prevent macrophage recruitment. 



membrane by cleavage of isoprenylated RhoA near its carboxyl termini (Shao 
et al., 2002; Shao et al, 2003; Zumbihl et al., 1999). In vitro, YopT also releases 
Rac and Cdc42 from membranes by an identical mechanism (Figure 6.3) 
(Shao et al., 2002; Shao et al., 2003), but bacterially translocated YopT seems 
to act only on RhoA (Aepfelbacher et al., 2003) 



P. aeruginosa ExoS and ExoT, Inhibition of Phagocytosis, and Wound 
Healing Processes 

At least four toxins, Exoenzyme S (ExoS), ExoT, ExoY, and ExoU, are delivered 
into the eukaryotic host cell cytoplasm by the TTSS of P. aeruginosa. Two of 
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Figure 6.4. The action of P. aeruginosa ExoS and ExoT on small GTP-binding proteins. 
ExoS and ExoT are highly similar proteins exhibiting both ADPRT and GAP activity. ExoS 
ADPRT activity targets the small GTP-binding proteins H-Ras (Ras in the figure), RaplB 
(Rap), RalA (Ral), and Rab5 (Rab). In the case of Ras and Rap (Ras/Rap in the figure), 
ADP-ribosylation by ExoS inhibits the interaction of the Ras proteins with their GEFs, and 
this prevents the interaction with downstream effectors such as Raf-1. In the case of Ral 
and Rab, ADP-ribosylation by ExoS has been shown to inhibit their interaction with 
downstream effectors RalBPl and EEA1. ADP-ribosylation of Ras may also prevent the 
activity of RalGDS, a specific GEF for Ral, and, thus, interfere with GEF-catalyzed RalGDP 
to RalGTP exchange (Fraylick et al., 2002). The cellular target of the ADPRT activity of 
ExoT (0.2-1% of that of ExoS) is unknown. The GAP activity of both ExoS and ExoT is 
displayed towards RhoGTPases, such as Cdc42, Racl, and RhoA. 



them, ExoS and ExoT, exert their effects on signalling mediated by small 
GTP-binding proteins (Figure 6.4). 

ExoS is a bifunctional protein containing an amino-terminal domain that 
possesses GAP activity (Goehring et al., 1999), and a carboxyl-terminal do- 
main displaying AD P-ribosyl transferase (ADPRT) activity (Frank, 1997). The 
action of ExoS on epithelial cells causes a decrease in DNA synthesis, long- 
term alterations in cell morphology, microvillus effacement, and loss of the 
ability to re-adhere to plastic surfaces (Olson et al., 1999), thus affecting cell 
viability. These effects seem to be largely due to the ADPRT activity of ExoS 
(Fraylick et al., 2001). In vitro, this ADPRT activity is dependent on a eukary- 
otic protein termed FAS (factor activating ExoS) and is exerted preferentially 



on small GTP-binding proteins (Frank, 1997). In vivo, ExoS has been shown to 
ADP-ribosylate Ras (H-Ras, RaplB, and RalA) and Rab proteins (Figure 6.4) 
(Barbieri et al., 2001; Fraylick et al., 2002; McGuffie et al., 1998; Riese et al., 
2001). ExoS ADP-ribosylation of H-Ras inhibits the interaction with its spe- 
cific GEF, Cdc25, and consequently inhibits the nucleotide exchange reac- 
tion catalysed by Cdc25 (Ganesan et al., 1999). Because only GTP-bound 
Ras is capable of interacting with its downstream effectors, this disrupts 
Ras-mediated signal transduction (Ganesan et al., 1998). Accordingly, in vivo 
ExoS-mediated ADP-ribosylation of H-Ras inhibits the ability of the GTPase 
to interact with its downstream effector Raf-1 (Vincent et al., 1999). The mod- 
ification of H-Ras by ExoS correlates directly with its ability to inhibit DNA 
synthesis (McGuffie et al, 1998). 

ExoS ADP-ribosylation of RaplB also inhibits the interaction between 
RaplB and its GEF, C3G, which could modulate the oxidative-burst in neu- 3 

trophils or signal transduction through integrin-mediated pathways (Riese 
et al., 2001). ExoS ADP-ribosylation of RalA alters its ability to bind its down- ^ 

stream effector RalBPl (Fraylick et al., 2002). Similarly, the action of ExoS G 

on Rab5 inhibits the interaction of the GTPase with its effector EEA1 (early w 

endosome antigen 1) (Barbieri etal., 2001), which is predicted to affect phago- " 

o 

some maturation. Therefore, ExoS may also inhibit phagocytosis through its * 

z 

action on Rab. " 

ExoS displays GAP activity towards RhoA, Racl, and Cdc42, both in vitro 
and in vivo (Figure 6.4) (Goehring et al., 1999; Krall et al., 2002). Transfec- 
tion of the amino terminal part of ExoS, or delivery of ExoS by the TTSS of 
P. aeruginosa in eukaryotic cells, disrupts actin filaments (Krall et al., 2002; 
Pederson et al., 1999). In addition, type III secretion delivered ExoS confers 
phagocytosis resistance against macrophages (Frithz-Lindsten et al., 1997). 

The primary structure of ExoT is 75% identical to that of ExoS. However, 
the ADPRT activity of ExoT is only 0.2-1% of that of ExoS (Frank, 1997), 
and ExoT does not interfere with cell viability or with Ras signalling (Sundin 
et al., 2001). ExoT disrupts the cytoskeletal architecture of epithelial cells 
(Vallis et al., 1999), and inhibits the uptake of P. aeruginosa by epithelial cells 
and macrophages (Garrity-Ryan et al., 2000). These activities are partially 
dependent on the GAP activity that ExoT exhibits towards RhoA, Racl, and 
Cdc42 both in vitro and in vivo (Figure 6.4) (Kazmierczak and Engel, 2002; 
Krall et al., 2000). Furthermore, the GAP activity of ExoT is required for the 
ability of the protein to inhibit lung epithelial wound repair in vitro (Geiser 
et al., 2001). Since point mutations at the arginine finger of ExoT result 
only in intermediate defects, it is predicted that its ADPRT activity may also 
contribute to cell rounding and anti-internalisation activities (Sundin et al., 



2001). As yet, the host protein(s) that ExoT ADP-ribosylates has not been 
identified. 



The EPEC Effectors Tir and Map Also Modulate 
Small RhoGTPases 

Central to enteropathogenic E. coli (EPEC) - mediated disease is its colonisa- 
tion of the intestinal epithelium. EPEC reside extracellularly on the surface of 
the infected epithelial cell, where they deliver toxins by using a ITS S . At least 
four effector proteins are delivered by EPEC into target cells, Tir (translocated 
intimin receptor), Map (mitochondrial-associated protein), EspG, and EspF. 
A recent study indicates that Tir and Map modulate RhoGTPase signalling 
pathways. 

S3 Tir is by far the best studied of the EPEC effectors (reviewed by Goosney 

% et al., 2000) . After its delivery into the target cell, Tir is inserted into the plasma 

8 membrane, where it serves as a receptor for the bacterial outer membrane 

m intimin. The interaction between Tir and intimin triggers signalling events 

^ that subvert the normal regulation of the host cell cytoskeleton and lead to 

§ the formation of the pedestal-like structures that characterise EPEC infection 

g of epithelial cells. This process is not dependent on RhoGTPases, although 

J Tir has a putative GAP motif (Kenny et al., 2002). However, EPEC binding to 

-g HeLa cells also induces a Tir-independent cytoskeletal rearrangement charac- 

terised by early and transient formation of filopodia-like structures at sites of 
infection (Kenny et al., 2002). Filopodia formation requires the Map effector, 
a protein that targets host mitochondria where it appears to disrupt mem- 
brane potential (Kenny and Jepson, 2000). Map-mediated filopodia formation 
is dependent on Cdc42, which is activated by an unknown mechanism, and is 
independent of Map targeting to the mitochondria (Kenny et al., 2002). Inter- 
estingly, in addition to the formation of the pedestal structures, Tir binding 
to intimin also downregulates filopodia formation (Kenny et al., 2002). This 
suggests that Tir, like SptP, YopE, ExoS, and ExoT, could indeed have a GAP 
activity. However, the consequences of the Tir and Map manipulation of 
Cdc42 activity for EPEC pathogenesis are unclear. 



Type III - Delivered Kinases and Phosphatases Interfering 
with Signalling Pathways 

Phosphorylation cascades play an important role in many animal signal trans- 
duction pathways. For example, the MAPK signalling pathways (Garrington 
and Johnson, 1999), the phosphatidylinositol 3-kinase (PI3K) pathway 



(Vanhaesebroeck and Alessi, 2000), and the phosphorylation cascade that 
activates NF-atB (Karin and Lin, 2002) are each involved in the control of 
a multitude of cellular processes. These pathways are obvious targets for 
bacterial virulence factors. We have already described SopE from Salmonella, 
which acts on MAPK signalling pathways through its GEF activity on RhoGT- 
Pases (see above). However, in addition, some of the type III effectors are 
themselves kinases and phosphatases, thus interfering directly on host phos- 
phorylation signalling cascades. Kinases and phosphatases delivered by TTS S 
into eukaryotic cells have been identified in Salmonella, Shigella, and Yersinia. 

Yersinia YopH, a Tyrosine Phosphatase That Inhibits Innate 
and Adaptive Immune Responses 

YopH is among the most powerful protein tyrosine phosphatases (PTPases) 

known and it has long been known to contribute to the ability of Yersinia 3 

to resist phagocytosis by macrophages (Rosqvist et al., 1988). When injected 

into J774 macrophages, YopH dephosphorylates pl30 Cas and disrupts focal ^ 

adhesions (Hamid et al., 1999). Other YopH targets in J774 macrophages are E 

the Fyn-binding protein Fyb (Hamid et al., 1999) and the scaffolding protein w 

SKAP-HOM (Figure 6.3) (Black et al, 2000). These two proteins interact with ~ 

o 
each other and become tyrosine phosphorylated in response to macrophage S 

adhesion. It is likely that the action of YopH against focal adhesions, pi 30Cas, " 

and Fyb, is relevant to the antiphagocytic action (Deleuil et al., 2003; Persson 
et al., 1999). YopH also suppresses the oxidative burst in macrophages (Bliska 
and Black, 1995), and protects against phagocytosis by PMNs (Grosdent et al., 
2002;VisseretaL, 1995). 

Recent observations have shown that YopH also contributes to the 
downregulation of the inflammatory response (Figure 6.3) (Sauvonnet et al., 
2002). Upon infection, macrophages release the monocyte chemoattractant 
protein 1 (MCP-1), a chemokine involved in the recruitment of other 
macrophages to the sites of infection. In fact, the MCP-1 mRNA levels are 
downregulated in macrophages infected with Y. enterocolitica, and this in- 
hibition is dependent upon YopH. MCP-1 synthesis is known to be under 
the control of the PI3K pathway, which is involved in the control of multi- 
ple cellular processes (Vanhaesebroeck and Alessi, 2000). Consistently, with 
its negative action on MCP-1 mRNA levels, YopH was shown to abrogate 
the PI3K-dependent activation of protein kinase B (PKB, also called Akt) 
(Sauvonnet et al., 2002). The site of action of YopH on this cascade is still 
unknown but it is likely to be a tyrosine-phosphorylated receptor upstream 
from PI3K (Figure 6.3). Furthermore, YopH (together with YopE andYopJ/P) 
also counteracts YopB-stimulated pro-inflammatory signalling in infected 



epithelial cells, and is likely that this is dependent on its action on the PI3K 
pathway (Viboud et al., 2003). In addition, YopH also seems to incapaci- 
tate the host adaptive immune response. T and B cells transiently exposed 
to Y. pseudotuberculosis are impaired in their ability to be activated through 
their antigen receptors. YopH appears to be the main effector involved in 
this block of activation (Yao et al., 1999), which most likely also involves the 
PI3K/PKB pathway (Sauvonnet et al., 2002). In agreement with these observa- 
tions, recombinant YopH introduced into human T lymphocytes was shown 
to dephosphorylate the primary signal transducer for the T cell receptor, the 
Lck tyrosine kinase (Alonso et al., 2004). 

SptP, a PTPase Delivered by Salmonella SPI-1 TTSS 

As already pointed out, the GAP domain of the SptP protein reverses the 

S3 cytoskeleton changes induced by Salmonella. In addition, the bifunctional 

% SptP protein appears to downregulate the Salmonella-induced activation of 

8 JNK and ERK (Fu and Galan, 1999; Murli et al., 2001). At least in the case of 

m inhibiting ERK activation, this capacity seems to rely on the PTPase activity 

^ of SptP (Murli et al., 2001). Therefore, SptP may be a general downregulator 

§ of the cellular responses stimulated by Salmonella, and its PTPase activity 

g may play an important role in this process. Clearly, the tyrosine phosphatase 

J activity of SptP is not exerted on proteins phosphorylated by MAPKs, as these 

-g are serine/threonine protein kinases. To date, only the intermediate filament 

protein vimentin was identified as a potential target of the SptP PTPase 

activity (Murli et al., 2001). However, other target(s) of the PTPase remain 

to be identified, as it is unclear how the action of SptP on vimentin could 

contribute to reversing Salmonella-induced cellular responses. 

SopB/SigD and IpgD, the Inositol Phosphatases from 
Salmonella and Shigella 

As mentioned before, SopB displays inositol phosphatase activity both in vitro 
and in vivo. In addition to stimulating actin cytoskeleton reorganisation, SopB, 
through its inositol phosphatase activity, has been associated with the mod- 
ulation of chloride secretion induced by Salmonella infection (Norris et al., 
1998), and is known to be essential for the activation of PKB that is observed 
upon infection of epithelial cells by Salmonella (Steele-Mortimer et al., 2000). 
The modulation of chloride secretion, which directly contributes to diarrhoea, 
appears to be a consequence of products of inositol metabolism, in particular 
Ins(l,4,5,6)P 4 (Feng et al., 2001). With respect to PKB, the mechanism of ac- 
tivation by SopB and its importance in Salmonella pathogenesis are unclear. 
More recently, SopB was shown to be responsible for the disappearance of 



phosphatidylinositol (PtdIns)(4,5)P 2 at the invaginating regions of the ruffles 
induced by Salmonella. This reduces the rigidity of the membrane skeleton 
and is thought to promote the formation of the Salmonella-containing vac- 
uoles (Terebiznik et al., 2002). 

The Shigella effector IpgD is 59% similar and 41% identical to SopB at the 
amino acid level. IpgD has been shown to be involved in the modulation of the 
host cell response after contact of Shigella with epithelial cells (Niebuhr et al., 
2000). Furthermore, purified IpgD displays Ptdlns phosphatase activity in 
vitro and in infected cells (Niebuhr et al., 2000) (Marcus et al., 2001), and also 
activates PKB in an inositol phosphatase-dependent fashion (Marcus et al., 
2001). In vitro, IpgD displays the greatest activity towards PtdIns(4,5)P 2 , and 
the transformation of Ptdlns (4,5) P 2 into PtdIns(5)P by IpgD is responsible 
for dramatic morphological changes of the host cell, which are thought to 
promote Shigella entry (Niebuhr et al., 2002). 

YpkA/YopO, the Yersinia type III Delivered Protein Kinase 7 



o 



YpkA (for Yersinia protein kinase A) (called YopO in Y. enterocolitica) is also G 

an effector that modulates the dynamics of the cytoskeleton (Hakansson et al., w 

1996), and that contributes to Yersinia resistance to phagocytosis (Grosdent " 

o 

et al., 2002). It is an autophosphorylating serine-threonine kinase (Galyov * 

% 

et al., 1993), which shows some sequence and structural similarity to RhoA- " 

binding kinases (Dukuzumuremyi et al., 2000), but which becomes active 
only after interacting with actin (Juris et al., 2000). In addition to being an 
activator of YpkA, actin can also function as an in vitro substrate of the ki- 
nase. YpkA/YopO interacts with, but does not phosphorylate, RhoA and Racl 
irrespective of the nucleotide bound, and apparently without affecting the 
guanine-nucleotide exchange capacity (Dukuzumuremyi et al., 2000). How- 
ever, the kinase target and the exact mode of action of YpkA/YopO remain 
unknown (Figure 6.3). 

The Modulation of Death Pathways and Inflammation 
by Type III Effectors 

Several bacteria harbouring TTSS induce cell death in eukaryotic cells, partic- 
ularly in macrophages. The process has been well studied in Yersinia, Shigella, 
and Salmonella, where the type III effectors YopJ/P, IpaB, and SipB, respec- 
tively, trigger cell death. Type III effectors from P. aeruginosa and EPEC 
were also reported to promote cell death, but in these cases the molecules 
and death pathways involved have not been thoroughly characterised. In the 
case of Yersinia and Shigella, it is clearly established that macrophage cell 



death occurs by apoptosis. However, while apoptosis is normally considered 
an immunologically silent death process unaccompanied by inflammation, 
Shigella- and Salmonella-induced macrophage cell death triggers characteris- 
tically acute inflammatory responses. In contrast, Yersinia-induced apoptosis 
is accompanied by a downregulation of the inflammatory response, at least 
in cell culture systems. Therefore, cell death induction by type III effectors, 
in addition to allowing the elimination of key immune cells and thus pro- 
moting bacterial proliferation, may be a way by which bacteria modulate the 
host inflammatory response. 

The NF-/cB transcription factor is central to the modulation of cell sur- 
vival and immune and inflammatory responses (Karin and Lin, 2002). NF-/cB 
exists in the cytoplasm of resting cells in an inactive form associated with 
inhibitory proteins termed inhibitor-kappa B (I/cB). After cell stimulation, 
S3 NF-kB activation is achieved through the phosphorylation of I/cB by the I/cB 

z, kinase (IKK) complex. The components of the IKK complex that regulate the 

8 NF-kB pathway include IKKa and IKK/3, which are activated by morphogenic 

m and pro-inflammatory signals, respectively. Phosphorylated IkB is then se- 

^ lectively ubiquitinated, which targets its degradation by the proteasome. This 

§ allows NF-/cB to translocate to the nucleus and activate transcription of genes 

h involved in immune responses, including several cytokines. 

S 

JS Yersinia YopJ/P 

YopJ (YopP in Y. enterocolitica) counteracts the normal pro-inflammatory re- 
sponse in various cell culture systems (Boland and Cornells, 1998; Denecker 
et al., 2002; Schesser et al., 1998). This capacity results from the ability of 
YopJ/P to inhibit the MAPK pathways JNK, p38, and ERK1 and 2, and also 
the NF-/cB signalling pathway (Figure 6.5). Furthermore, inhibition of the 
MAPK pathways abrogates phosphorylation of CREB, a transcription factor 
involved in the immune response (reviewed by Orth, 2002). 

YopJ/P binds directly to the members of the superfamily of MAPK ki- 
nases (MKKs), blocking their phosphorylation and consequent activation 
(Orth et al., 1999). Similarly, YopJ/P interacts with IKK/J, presumably also 
preventing its phosphorylation and activation (Orth et al., 1999). Thus, YopJ/P 
acts by preventing activation of MKKs and IKK in the MAPK and NF-/cB sig- 
nalling pathways, respectively (Figure 6.5). The exact molecular mechanism 
by which YopJ/P acts is still elusive, but its secondary structure resembles 
that of an adenovirus cysteine protease. The presumed protease catalytic triad 
of YopJ/P is required for the ability of YopJ/P to inhibit the MAPK and NF-atB 
signalling pathways (Orth et al., 2000). Based on the observations that over- 
expression of YopJ/P results in a decrease of SUMOylated and ubiquitinated 
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Figure 6.5. Action of Yersinia YopJ/P on NF-/r B, MAPK, and apoptosis signalling 
pathways. YopJ/P binds to IKK/3 and MKKs and block their activation through 
phosphorylation by upstream MKK kinases (MKKKs). This inhibits the activity of the 
NF-atB and CREB transcription factors, thus, preventing transcription of anti-apoptotic 
genes and of pro-inflammatory cytokines. Yopf/P also induces apoptosis in macrophages, 
either by directly activating a death pathway or indirectly by blocking the synthesis of 
anti-apoptotic factors together with bacterial LPS/ lipoproteins apoptotic signalling. The 
apoptotic cascade is most probably triggered by caspase-8 activation, leading to Bid 
cleavage. The subsequent translocation of tBid to the mitochondria induces the release of 
cytochrome c, which binds to the apoptotic protease activating factor-1 (Apaf-1) and leads 
to recruitment and activation of caspase-9 that, in turn, activates executioner caspases-3 
and -7. The YopJ/P protease may act on SUMOylated and/or ubiquitinated proteins, but 
the relevance of these activities for YopJ/P function is unclear. 



proteins, it was proposed that YopJ/P could be an ubiquitin or a SUMO pro- 
tease (SUMO are ubiquitin-like modifiers that are involved in stabilisation 
or destabilisation of proteins) (Orth, 2002; Orth et al., 2000). It is unclear 
how a de-SUMOylating activity could contribute to the ability of YopJ/P to 
disrupt MAPK and NF-/cB signalling, but the NF-/cB pathway is regulated at 
two distinct points by ubiquitination (Orth, 2002). 

YopJ/P induces apoptosis in macrophages, but not in other cell types 
(Mills et al., 1997; Monack et al., 1997). This apoptosis is accompanied by 
cleavage of the cytosolic protein Bid, the release of cytochrome c from the mi- 
tochondria, and the activation of caspase-3, -7, and -9 (Figure 6.5) (Denecker 



et al., 2001). The apoptosis-inducing activity of YopJ/P is lost when the cys- 
teine residue forming the catalytic triad responsible for its putative protease 
activity is replaced by a threonine (Denecker et al., 2001). It is very tempting 
to speculate that YopJ/P could induce apoptosis by cleaving a pro- or anti- 
apoptotic factor. However, it has not been possible to demonstrate this and it is 
unclear how a de-SUMOylating or de-ubiquitinating activity could be related 
to the induction of a death pathway. It is even unclear whether apoptosis re- 
sults from a YopP-induced early cell death signal, or from the YopP-blockage 
of the NF-a: B signalling, coupled to cellular activation by bacterial lipopolysac- 
charide (LPS) (Denecker et al., 2001; Ruckdeschel et al., 2001). On one hand, 
it seems clear that YopJ/P transfected macrophages undergo apoptosis in a 
significant percentage. On the other hand, this percentage of cell death is 
considerably increased by LPS treatment (Ruckdeschel et al., 2001). 

| Shigella IpaB 

8 Macrophages can engulf Shigella, but instead of successfully destroying the 

m bacteria in the phagosome, they succumb to apoptotic death. The Shigella- 

^ induced macrophage apoptosis has been described both in vitro and in vivo 

*j (Zychlinsky et al., 1992; Zychlinsky et al., 1996). The IpaB type Ill-delivered 

h toxin is necessary and sufficient to induce apoptosis (Chen et al., 1996b; 

J Zychlinsky et al., 1994). Following the escape of Shigella from the macrophage 

-g phagosome, IpaB is secreted into the cytoplasm where it binds to caspase-1. 

Furthermore, in vivo studies using different knockout mice showed that IpaB- 
induced apoptosis is absolutely dependent on caspase-1 activation (Hilbi et al., 
1998). IpaB-induced caspase-1-dependent apoptosis of macrophages triggers 
an acute inflammatory response, characterised by a massive influx of PMNs 
that infiltrate the infected site and destabilise the epithelium (Sansonetti, 
2001). Caspase-1 is also known as interleukin (IL)-l-converting enzyme, due 
to its ability to cleave pro-IL-1/i and the related cytokine pro-IL-18 into their 
mature active forms. Accordingly, IpaB-activated caspase-1 can cleave the 
two cytokines, which are then released from the dying macrophage (Hilbi 
et al., 1998). Therefore, S/iigeHa-induced macrophage cell death is central 
to the early triggering of inflammation. This inflammatory response causes 
significant tissue destruction and facilitates further invasion by the bacte- 
ria, but inflammation is ultimately responsible for controlling the infection 
(Sansonetti, 2001). 

Salmonella SipB 

In vitro studies indicate that Salmonella spp. induces cell death in macro- 
phages (Chen et al., 1996a; Lindgren et al., 1996; Monack et al., 1996). The 



process by which Salmonella induces cell death is not totally clear, as fea- 
tures of both apoptotic and necrotic death have been described (Boise and 
Collins, 2001). The TTSS SPI-1 SipB protein is highly similar to the Shigella 
IpaB protein, and SipB seems to promote rapid cell death by a mechanism 
resembling that of IpaB (Hersh et al., 1999). However, macrophages from 
casp-1 knockout mice are still susceptible to Salmonella-induced cell death 
in a SipB-dependent way, although with delayed kinetics (Jesenberger et al., 
2000). Furthermore, Salmonella also kill macrophages independently of SipB 
and of SPI-1 TTSS, most likely by mechanisms involving the SPI-2 TTSS 
(van der Velden et al., 2000), but the bacterial toxin(s) involved remain to be 
identified. Quite recently, it was suggested that SipB promotes autophagy 
and cell death by disrupting mitochondria (Hernandez et al., 2003). 

P. aeruginosa ExoU, ExoS, PcrV, PopB, and PopD 3 

The delivery of ExoU by P. aeruginosa TTS S into host cells induces a cytotoxic 

phenotype in tissue culture models and a fatal outcome in an acute lung <!, 

infection model (Finck-Barbancon et al., 1997). The cell death mechanism E 

mediated by ExoU in macrophages and epithelial cells has the characteris- w 

tics of necrosis rather than apoptosis (Hauser and Engel, 1999). Recently, it " 

o 
was shown that ExoU is a phospholipase and that its cytotoxic action can be ■' 

blocked by different phospholipase A2 inhibitors (Phillips et al., 2003; Sato " 

et al., 2003). In addition, P. aeruginosa induces apoptosis in macrophages 
and epithelial cells in an ExoU-independent, but TTSS-dependent fashion, 
and P. aeruginosa clinical isolates that do not express ExoS or ExoY also in- 
duce apoptosis (Hauser and Engel, 1999). In contrast to this observation, 
P. aeruginosa-mediated apoptosis of epithelial and fibroblast cell lines was 
shown to require the ADPRT activity of ExoS (Kaufman et al., 2000). In ad- 
dition, the pore forming activity of the translocators PcrV, PopB, and PopD 
has been reported to promote the death of macrophages and neutrophils 
(Dacheux et al, 2001). 

Enteropathogenic E. coli EspF 

EPEC induces cell death in epithelial host cells by a process that resembles 
apoptosis in some ways, but not in others (Crane et al., 1999). The EPEC type 
III effector EspF disrupts host intestinal barrier function, thus contributing 
to diarrhoea (McNamara et al., 2001), and in addition it appears to mediate 
cell death (Crane et al., 2001). Because cell death promoted by EspF has 
features of pure apoptosis (Crane et al., 2001), this indicates that EPEC may 
also trigger cell death independently of EspF. To date, the apoptotic pathway 
induced by EspF is unknown. 



Type III Effectors Affecting Other Host Signalling Pathways or 
with Unknown Function 

In addition to the type III effectors described above, others have been identi- 
fied. These include the Salmonella SPI-2 TTSS effectors SifA, SseG, SseJ, and 
SpiC, which manipulate host signalling to promote intracellular growth (re- 
viewed by Waterman and Holden, 2003; Salcedo and Holden, 2003); adeny- 
late cyclase ExoY from P. aeruginosa (Ruiz-Albert et al., 2002); a number 
of leucine-rich repeat (LRR) proteins that seem to be translocated into the 
nucleus of infected cells and are essential for the pathogenesis of Yersinia 
(YopM), Shigella (IpaHs), or Salmonella (SspHs and SlrP) (Cornelis, 2002; 
Galan, 2001; Sansonetti, 2001). The function of these LRR type III effector 
proteins is mostly mysterious, but new insights came from two recent reports. 
Yersinia YopM has been shown to interact directly with, and stimulate the 
£ activity of, protein kinase C-like 2 (PRK2) and ribosomal S6 protein kinase 1 

g (RSK1) (McDonald et al, 2003); Salmonella SspHl and Shigella IpaH9.8 were 

pa reported to inhibit NF-/cB-dependent gene expression (Haraga and Miller, 

3 2003). Other type III effector proteins await further characterisation, for ex- 

g ample, Salmonella AvrA, SopA, and SopD (Galan, 2001), and EPEC EspG 

j (Elliot et al, 2001). 

o 

§ 

B CONCLUSIONS 

Remarkable progress has been made in the last few years in understand- 
ing the mode of action of proteins delivered into eukaryotic cells by TTSSs. 
These studies have outlined the diversity of functions and biochemical 
activities of type III effectors and have revealed a new class of bacte- 
rial toxins distinguished by the way they enter the host cell. In several 
cases these proteins seem to mimic host proteins, or to have counter- 
parts in the eukaryotic world, thus suggesting that they were acquired 
through horizontal transfer during the co-evolution of bacterial pathogens 
and their host organisms. In this respect, we await the characterisation 
of type III effectors from bacterial pathogens that reside exclusively in- 
side host cells, such as Chlamydia spp., where a more intimate cross-talk 
has developed. In addition, the ongoing efforts to better understand the 
action of the currently known type III effectors promises, as always, not 
only to help in the understanding of bacterial pathogenesis, but also to pro- 
vide us with priceless tools for studying the functioning of the eukaryotic 
cell. 
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CHAPTER 7 

Bacterial toxins and bone remodelling 

Neil W A McGowan, Dympna Harmey, Fraser P Coxon, 

Gudrun Stenbeck, Michael J Rogers, and Agamemnon E Grigoriadis 



Bacterial protein toxins are powerful biological poisons normally associated 
with impairment of cellular function and/or cellular death. The wide spec- 
trum of physiological processes and cell types that are affected by bacterial 
products also includes bone tissue and bone cells. It has been known for many 
years that bacterial infection or exposure to certain toxins can lead to patholog- 
ical bone disorders, most commonly, those associated with abnormal or exces- 
sive bone loss, such as periodontal disease (reviewed by Henderson and Nair, 
2003). However, in most cases the bone-resorbing factors involved in these ef- 
fects remain part of, or associated with, the bacterial surface. For example, the 
bone-resorbing effects of endotoxin, a component of lipopolysaccharide, are 
well established, although for the most part this action appears to be indirect, 
being dependent on the production of pro-inflammatory cytokines (IL-1, 
TNFce) from other cell types (Nair et al., 1996; Henderson and Nair 2003). In 
contrast, the effects of bacterial protein toxins on the cellular constituents of 
bone remain largely unknown. For simplicity, this review will focus only on 
bacterial toxins, in particular, those toxins that interfere with key signalling 
processes that have direct relevance to bone cell differentiation and function. 
However, a brief overview of the general biology of bone cells is necessary 
before discussing the mechanisms of toxin action and specific signal trans- 
duction pathways in bone. 

BONE 

Throughout life the vertebrate skeleton is in a constant state of turnover. Phys- 
iological bone remodelling requires the tight coupling of bone degradation to 
bone formation, in order for the precise replacement of old or damaged bone 
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Figure 7.1. The osteoblast lineage. Osteoblasts are derived from mesenchymal stem cells, 

which have the potential to differentiate into other mesenchymal derivatives such as 

muscle, fat, cartilage, and other connective tissue cells. The commitment to each lineage 

w is dependent upon lineage-specific transcription factors, such as MyoD for muscle, 

< PPARy for adipocytes, Sox-9 for chondrocytes, and runx2/cbfal and Osterfx (Osx) for 

o osteoblasts. The expression of genes such as type I collagen (coll I), alkaline phosphatase 
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3 (Alk.Phos.), and osteocalcin are commonly used as markers for the osteoblast lineage, 
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q although osteocalcin is the only osteoblast-specific gene (see Aubin, 1998, for details). 
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skeletal abnormalities characterised either by excessive bone loss (e.g., os- 
teoporosis) or, alternatively, by increases in bone mass (e.g., osteopetrosis). 
Bone remodelling is controlled by the concerted actions of essentially two 
° cell types: osteoblasts, the cells that form bone, and osteoclasts, the cells that 



resorb or degrade bone. 



* Osteoblast Differentiation and Bone Formation 



§ Osteoblasts are post-mitotic cells that exhibit a cuboidal morphology and are 

situated on active bone-forming surfaces. Their basic function is to secrete 
the organic matrix of bone, largely containing type I collagen, which then 
proceeds to mineralisation. Osteoblasts are derived from pluripotent mes- 
enchymal stem cells in a differentiation sequence that is a linear process, re- 
quiring the sequential activation and suppression of specific genes. They are 
related at the precursor cell level to other mesenchymal cell derivatives, such 
as muscle cells, adipocytes, chondrocytes, and other connective tissue fibro- 
blasts (Figure 7.1; see also Aubin, 1998). The identification of osteoblasts in 
situ is aided by morphological criteria, but more importantly by marker genes 
that are expressed at different stages of differentiation. Recent gene knockout 



studies in mice have identified two transcription factors, runx2/cbfa-l and 
osterix, that are essential for the commitment of cells to the osteoblast lin- 
eage and for differentiation to mature, bone-forming osteoblasts (reviewed 
by Ducy et al., 2000; Karsenty and Wagner, 2002). Besides runx2/cbfa-l and 
osterix, the expression of several marker genes is commonly used to indicate 
cells of the osteoblast lineage, namely, type I collagen, alkaline phosphatase, 
and osteocalcin, the last being specific to osteoblasts (see also Aubin, 1998; 
Karsenty and Wagner, 2002, for further details). 

The study of the mechanisms controlling bone formation has been aided 
greatly by the establishment of efficient in vitro systems of osteoblast differ- 
entiation and bone formation. Primary cultures of osteoblasts, derived either 
from perinatal rodent calvariae or from adult bone marrow stroma, contain 
osteoprogenitor cells that can undergo the full differentiation cascade from 
committed precursors cells to fully functional osteoblasts that are capable of > 

forming three-dimensional, mineralised bone nodules. Such systems have m 

been essential for determining the effects of specific growth factors and tran- > 

scription factors on osteogenesis using gain- and loss-of-function systems, o 

and are ideal for screening compounds that are thought to regulate bone z 

formation. g 
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Osteoclast Differentiation M 

Osteoclasts are large multinucleated cells whose function is to resorb or de- 
grade bone. In contrast to osteoblasts, osteoclasts are of haematopoietic ori- 
gin, more specifically being derived from cells of the monocyte/macrophage 
lineage (Figure 7.2). However, it was first hypothesised over 20 years ago, and 
subsequently proven, that the in vitro differentiation of osteoclasts from bone 
marrow cells required the presence of an osteoblastic/ stromal component 
that was the primary target of various osteoclast inductive factors. Moreover, 
this effect was critically dependent on physical contact between the two cell 
types, indicating that an inducible, membrane-bound molecule was involved 
(Rodan and Martin, 1981; Takahashi et al., 1988; Suda et al., 1992). 

Recently, the molecules involved in the physiological control of osteoclast 
formation were identified by two independent groups (for review see Suda 
et al., 1999). Importantly, these two molecules, receptor activator of NF-kB 
ligand (RANKL) and macrophage colony-stimulating factor (MCSF), are ex- 
pressed by osteoblastic/stromal cells, and are both necessary and sufficient for 
osteoclast formation in vitro and in vivo (Figure 7.2) (Hofbauer and Heufelder, 
1998; Lacey et al, 1998; Yasuda et al, 1998). RANKL binds to its recep- 
tor RANK, which is expressed by marrow-derived osteoclast precursors, 
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Figure 7.2. The osteoclast lineage and regulation of differentation and activation. 
Osteoclasts are derived from haematopoietic stem cells, specifically from circulating 
monocyte/macrophage precursors. The MCSV/c-ftns signalling pathway provides essential 
proliferative and survival signals for both macrophages and osteoclasts at all stages of 
differentiation. The RANKL/RANK signalling pathway is essential for the differentiation, 
fusion, and survival of osteoclasts, and is inhibited by the soluble decoy receptor, OPG. 
Osteoclasts can be identified by the expression of specific markers, such as TRAP, CTR, 
and the avfS3 integrin, vitronectin receptor (VnR). Many osteotropic factors, such as 
vitamin D3 and parathyroid hormone, regulate osteoclast formation and/or activity 
indirectly by influencing the expression ratio of RANKL:OPG on osteoblastic/stromal cells 
(see text for details). The micrographs show F-actin staining of the ruffled border in active 
osteoclasts, and resorption lacunae formed on a dentine substrate. 



peripheral blood monocytes, and by mature osteoclasts in vivo, and leads 
to activation of several intracellular signalling cascades involving TNF- 
receptor-associated factor (TRAF) family members, JNKs, c-src, and the 
serine/threonine kinase Akt/PKB, leading to activation of the transcription 
factors NF-/cB and c-fos (Anderson et al., 1997; Darnay et al., 1998; Darnay 
et al, 1999; Hsu et al, 1999; Wei et al., 2001) (see also Karsenty and Wagner, 
2002, for a review). MCSF is also essential for osteoclast differentiation, pro- 
viding the proliferative signal for osteoclast precursors prior to fusion. MCSF 
binds to the tyrosine kinase receptor, the proto-oncogene c-frns, that is present 
on osteoclast precursors (Figure 7.2). MCSF/c-/ms signalling is the primary 
determinant of the total osteoclast precursor pool and is essential for both 
their proliferation and differentiation (Sarma and Flanagan, 1996; Suda et al., 



1999; Fujikawa et al, 2001). RANKL serves to commit the pool of MCSF- 
expanded precursors to the osteoclast phenotype, essentially being involved 
in all post-proliferative stages of osteoclast ontogeny, such as differentiation, 
fusion, activation, and survival. 

In vivo, the physiological effects of RANKL are negatively regulated by the 
expression of a soluble decoy receptor termed osteoprotegerin (OPG), which 
is also synthesised by osteoblasts and stromal cells, and which binds to and se- 
questers RANKL, preventing it from binding to RANK (Figure 7.2) (Simonet 
et al., 1997). Thus, the relative ratio of RANKL to OPG is the most important 
determinant of osteoclast formation in vivo and many osteotropic factors, 
which induce osteoclast formation do so via the osteoblastic/stromal compo- 
nent (Figure 7.2). Osteoblasts and stromal cells are therefore responsible for 
the production of all three principal factors essential for osteoclastogenesis 
and thus critically control the whole process. The convergence of multiple sig- > 

nals in the control of osteoclastogenesis by the production of stimulatory and m 

inhibitory molecules represents an extremely efficient and intricate means > 

of regulation. o 
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Mechanisms of Bone Resorption a 



The resorption of mineralised matrix is an attribute specific to osteoclasts, § 

during which the highly specialised features of these cells become appar- 
ent. Osteoclasts express high levels of tartrate resistant acid phosphatase 
(TRAP) and calcitonin receptors (CTR), but the most dramatic feature is the 
appearance during resorption of the ruffled border - a complex membranous 
structure composed of folds and invaginations. The initial resorptive event, 
essential for the subsequent polarisation of osteoclasts, is the attachment 
of cells to the surface of bone. Osteoclast adherence and motility critically 
depend on the expression of av/33 integrin, or vitronectin receptor (VnR), 
which mediates adherence to a wide range of extracellular matrix proteins 
(such as fibronectin, vitronectin, osteopontin, and bone sialoprotein) known 
to be expressed in bone and bone marrow through the recognition of an RGD 
peptide (Helfrich and Horton, 1999). Adherence to bone results in the gen- 
eration of an isolated extracellular environment between the osteoclast and 
bone surface. The segregation of this proteolytic environment is maintained 
by the clear zone, rich in filamentous actin (F-Actin) and arranged in a ring- 
like structure surrounding the ruffled border (Vaananen and Horton, 1995). 
Osteoclast polarisation involves a variety of signalling proteins, in partic- 
ular p60 c " src , the importance of which was demonstrated by the osteopetrotic 
phenotype observed in p60 c " src knockout mice, resulting in dysfunctional 
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osteoclasts (see below) (Soriano et al., 1991). These mice have multinucleated 
osteoclasts that attach to bone via the clear zone but fail to form ruffled bor- 
ders (Boyceetal., 1992; Loweetal., 1993). Subsequently, a variety of signalling 
proteins downstream of p60 csrc have been identified (c-Cbl, pl30 cas , PYK2, 
Rho p21, and PI-3K), although the precise interplay and hierarchy involved 
remain unclear (reviewed by Duong et al., 2000). 

The acidic and proteolytic microenvironment below the ruffled border 
favours the demineralisation and degradation of bone matrix. Acidification of 
resorption lacunae involves the active transport of protons across the ruffled 
border by a vacuolar H + -ATPase (Blair et al., 1989), leading to pH values in 
the range of 3-4. The acidic microenvironment aids the dissolution of bone 
mineral, which is closely followed by the degradation of bone matrix by a 
variety of lysosomal enzymes secreted by the osteoclast. High concentrations 
of these enzymes are maintained in the resorption lacunae, and products of 
bone degradation are subsequently endocytosed by the osteoclast and released 
at the basolateral membrane (Nesbitt and Horton, 1997; Salo et al., 1997). 

The resorption of bone is therefore a multi-step process that involves the 



% migration, proliferation, and commitment of immature osteoclast precur 



sors, formation of multinucleated cells by fusion, and progression from a rest- 
ing to a resorbing stage by attachment and polarisation on the bone surface, 
followed by the degradation of both organic and inorganic matrix (Athanasou, 
1996; Suda et al., 1997; Teitelbaum, 2000). The importance of each of these 
steps, and more specifically, the signalling molecules and transcription fac- 
tors that regulate each step of osteoclast differentiation and function, have 
x been demonstrated unequivocally by gene knockout studies in mice, with 

u . genes such as c-src, TRAF-6, NF-/cB, or c-fos to mention but a few (Grigoriadis 

S et al., 1994; Iotsova et al., 1997; Lomaga et al., 1999). Indeed, disruption of 

jji any of these genes leads to osteopetrosis, a family of diseases characterised 

g by osteoclast dysfunction. Studies in osteopetrotic mouse mutants have iden- 

§ tified the essential factors involved in all stages of osteoclast differentiation, 

and these are summarised in detail elsewhere (Karsenty and Wagner, 2002). 
Finally, because each of the steps in osteoclastogenesis involves in some 
way a tight control and regulation of the actin cytoskeleton, osteoclasts are 
attractive targets for analysing the role of bacterial toxins that target and 
perturb signal transduction pathways affecting the cytoskeleton (see below). 

Bone Remodelling 

The process of bone remodelling maintains the mechanical integrity of the 
skeleton (Mundy, 1998; Raisz, 1999; Manolagas, 2000). Bone remodelling is 
a focal process of renewal and repair that occurs throughout life to prevent 
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Figure 7.3. The bone remodelling cycle. Bone remodelling occurs in "basic multicellular 
units" (BMU) and is essential for the maintenance of skeletal integrity. Remodelling can 
be divided into four phases: resorption, reversal, formation, and quiescence. Remodelling 
begins with osteoclast precursor recruitment, differentiation, fusion, and activation. 
Following resorption and osteoclast apoptotic cell death, there is a reversal period in 
which osteoblast recruitment and proliferation occurs. Osteoblasts lay down new bone in 
the form of osteoid, which is subsequently mineralised and becomes covered in bone 
lining cells on reaching a quiescent state. For simplicity, each process is segregated in this 
diagram. Within every BMU, resorption and formation occur concurrently although in 
different skeletal locations, and this entire process is tightly controlled by the concerted 
actions of systemic hormones, local growth factors, and transcriptional regulators. 

accumulation of old or damaged bone. At any one time approximately 10% of 
the adult skeleton is undergoing active remodelling, whereas the remaining 
90% is quiescent. All bone remodelling occurs within discrete anatomical 
units (basic multicellular unit - BMU) where bone resorption by osteoclasts 
is tightly coupled to bone formation by osteoblasts. The spatial and tempo- 
ral arrangement of osteoblasts and osteoclasts within a BMU ensures that 
remodelling maintains a specific cycle that can be divided into four phases: 
resorption, reversal, formation, and quiescence (Figure 7.3). 



BACTERIAL TOXINS, RHO FAMILY GTPases, AND BONE CELLS 

Several bacterial toxins target eukaryotic cells, specifically interfering with the 
normal function of Rho GTPases (see also Chapters 3 and 6). Rho proteins, 



< 



o 



together with the Ras, Rab, Ran, and Arf subfamilies, make up the large 
and highly conserved Ras superfamily of small GTP-binding proteins (small 
GTPases) (Takai et al., 2001; Etienne-Manneville and Hall, 2002). These pro- 
teins function as molecular switches, transducing modifications of the extra- 
cellular environment into intracellular signals, resulting in changes in cell 
growth, cytoskeleton, vesicular trafficking, nuclear transport, and gene ex- 
pression (Takai et al., 2001; Etienne-Manneville and Hall, 2002). The Rho 
subfamily comprises at least 15 proteins, of which RhoA, Racl, and Cdc42 
are the best characterised. The main function of these proteins is in the regu- 
lation of the actin cytoskeleton, although Rho GTPases have also been shown 
to be involved in a variety of other cellular functions ranging from control 
of secretion and endocytosis to transformation and apoptosis (Mackay and 
Hall, 1998; Bishop and Hall, 2000). The actin cytoskeleton is critically in- 
volved in the control of cell shape, polarity, and adhesion in addition to other, 
more specialised processes such as phagocytosis. In general, Rho appears 
to be involved in the formation of stress fibres and focal adhesions, Cdc42 
induces the formation of filopodia, and Rac is involved in the formation of 



% lamellipodia and membrane ruffles (Nobes and Hall, 1995) 



Bacterial toxins have proved extremely useful in the elucidation of sev- 
eral signalling pathways utilised by Rho GTPases (reviewed in Chapter 3; 
see also Lerm et al., 2000). Covalent modification of Rho GTPases has been 
shown to disrupt normal actin cytoskeletal regulation with varying degrees 
of specificity. Toxins that act in this fashion include Clostridium, hotulinum C3 
ADP-ribosyltransferase, the related C3-like exoenzymes, and the clostridial 
§ cytotoxins, Clostridium difficile toxins A and B. Clostridium hotulinum C3 ex- 



oenzyme (C3 transferase) irreversibly ADP-ribosylates Rho A, B, and C at 
| Asn 41 resulting in a block in Rho-mediated signalling, whereas the less spe- 

jji cific, more promiscuous Clostridium difficile toxins A and B inactivate all 

g Rho GTPase family members (Rho, Rac, and Cdc42) by glucosylating the 

§ nucleotide-binding site. A similar mechanism is involved in the action of 

the lethal and haemorrhagic toxins from Clostridium sordellii and the a -toxin 
from Clostridium novyi. 

Conversely, bacterial toxins have also been shown to activate the small 
GTPases by deamidation or transglutamination. Cytotoxic necrotizing factor 
(CNF) from Escherichia coli and dermonecrotic toxin (DNT) from Bordetella 
species catalyse the deamidation of Rho at Gin 63 (Flatau et al., 1997; Schmidt 
et al., 1997; Lerm et al., 1999). The enzyme activity of CNF removes the car- 
boxamide nitrogen of Gin 63 , which is required for the correct positioning of 
GTP for hydrolysis in the catalytic pocket of the GTPases. Thus, CNF inhibits 
the intrinsic and GAP-stimulated GTPase activities, thereby resulting in the 



constitutive activation of Rho. The catalytic domain of CNF is located at the 
carboxy-terminal of the peptide, and Cys 86S and His 881 histidine are impli- 
cated in its deamidase activity (Schmidt et al., 1998). The action of CNF is 
not confined to Rho; it also targets the other members of the Rho GTPases 
like Rac and Cdc42 (see also Boquet £000) for review). 

When Rho from DNT treated cells was analysed it was found that DNT 
catalyses a different modification than that induced by CNF. DNT possesses 
transglutaminase activity, thereby attaching primary amines onto Rho at po- 
sition Gin 63 . Further comparison of the enzyme activities of both CNF and 
DNT have found that both toxins are capable of catalysing deamidation and 
transglutamination reactions, but DNT preferentially acts as a transglutami- 
nase (Horiguchi et al, 1997; Schmidt et al.,1998; Schmidt et al, 1999). 

With respect to bone, DNT has been shown to cause bone loss when 
injected over rodent calvariae, or in in vitro assays, although the mechanisms > 

underlying these effects are not known (Kimmanetal., 1987; Horiguchi etal., m 

1995). Thus, elaboration of the actions of these toxins has demonstrated their > 

specific and selective targeting of the Rho GTPases and has made them useful o 

tools in investigating the complex signalling pathways mediated via the small z 

GTPases, in particular, in bone tissue. g 
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Pasteurella multocida Toxin and Bone M 

Pasteurella multocida toxin (PMT) is another bacterial toxin that provides an 
ideal tool for the study of bone cell signalling in vitro, particularly as this toxin 
has profound effects on bone physiology in vivo. PMT is a large, 146kDa intra- 
cellularly acting protein that is the most potent mitogen known for fibroblasts, 
stimulating DNA synthesis at low picomolar concentrations (Rozengurt et al., 
1990). A detailed description of the biochemistry and molecular biology of 
this toxin can be found in Chapter 2. However, of relevance to bone physiol- 
ogy, PMT is an extremely interesting toxin, as it is associated with a disease 
in pigs called atrophic rhinitis, which is characterised by the progressive 
loss of the nasal turbinate bones (Ackermann et al., 1991; Lax and Chanter, 
1990). That PMT is the principle causative agent of atrophic rhinitis was 
shown unequivocally by Lax and co-workers, who demonstrated that injec- 
tion of recombinant PMT into piglets recapitulated the bone disease, whereas 
an inactive mutant, C1165S, with identical biochemical properties to the 
wild- type recombinant protein but with no biological activity (see Chapter 2), 
had no effect (Ward et al., 1998). How PMT causes atrophic rhinitis is not 
well understood (see below), although it is very likely that its intracellular 
target(s) play(s) a role in altering the behaviour of bone cell populations. 
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Several signalling cascades are affected by PMT, both directly and indirectly 
(reviewed by Ward et al., 1998) (see also Chapter 2). The toxin stimulates sig- 
nalling cascades linked to phospholipase C/J, leading to increased formation 
of diacylglycerol and inositol phosphates, increased protein kinase C activity, 
and ultimately mobilisation of intracellular calcium. Interestingly with re- 
gard to osteoclast function, PMT also stimulates signalling pathways linked 
to the cytoskeleton, via a mechanism that involves Rho GTPase. Inhibitors 
of Rho and downstream effectors block the cytoskeletal rearrangements in- 
duced by PMT (Lacerda et al., 1997), although Rho itself does not appear to 
be a direct target for this toxin. Despite the molecular target for PMT being 
unknown, recent studies in transgenic mice have provided strong evidence 
to suggest that activation by PMT requires a G q specific event (Zywietz et al., 
2001). Furthermore, cAMP levels are not affected by PMT, suggesting that 
unlike cholera toxin (from Vibrio cholerae) and pertussis toxin (from Bordetella 
pertussis), PMT does not target the G proteins, Gj and or G s (Rozengurt et al., 
1990). 

Thus, with regard to the bone pathology observed in pigs, it is not yet 
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% clear whether this toxin stimulates processes resulting in excessive bone re- 



sorption, or alternatively, defective bone formation because either or both 
could explain the observed phenotype. Previous studies have utilised in vitro 
and in vivo bone cell and organ culture systems to address these questions, 
although the findings are not clear and often contradictory, reflecting the 
diversity and heterogeneity of the particular culture systems employed (see 
below). The challenge therefore is to identify the precise cellular targets (i.e., 
x osteoblasts vs osteoclasts) responding to PMT, and to delineate which of the 

u . proposed signal transduction pathways activated by PMT control the differ- 

g entiation and activity of these bone cell populations. 



i PMT and Osteoblasts 



As mentioned above, PMT is a potent mitogen for fibroblasts (Rozengurt 
et al., 1990) and it is possible that the proliferation of other mesenchy- 
mal cell derivatives may also be stimulated by PMT. Analysis of PMT ef- 
fects of cell proliferation and DNA synthesis in different osteoblast pop- 
ulations, such as primary rat and chick osteoblasts and osteoblast-like os- 
teosarcoma cells, demonstrated that PMT is clearly mitogenic for osteoblasts 
(Figure 7.4a; see also Harmey et al., 2004). Moreover, in vitro bone formation 
assays, whereby primary osteoblast precursors are stimulated to undergo in 
vitro differentiation into functional osteoblasts and lay down bone matrix in 
three-dimensional nodules, demonstrated that PMT was a potent inhibitor 
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Figure 7.4. PMT regulates osteoblast proliferation and differentiation. (A) Effects of PMT 
on the proliferation of primary rat calvarial osteoblasts. Cells were plated in the absence or 
presence of recombinant PMT (20 ng/ml) and cell number was quantified on the indicated 
days. (B) Effects of PMT on in vitro differentiation of rat calvarial osteoblasts into bone 
nodules. Cells were cultured for 15 days in the absence (Con) or presence of recombinant 
PMT (20 ng/ml) or inactive mutant PMT C1165S (20 ng/ml), and mineralised bone 
nodules were quantified (upper panel) and visualised using the von Kossa technique 
(black staining - lower panel). (*p < 0.05 vs control) (see also Harmey et al., 2004). 



of osteoblast differentiation and bone nodule formation (Figure 7.4B; see 
also Harmey et al., 2004). The inhibitory effect of PMT was also confirmed 
by the downregulation of the expression and activity of several osteoblast 
markers (e.g., osteonectin, type I collagen, alkaline phosphatase, osteocalcin) 
(Sterner-Kock et al., 1995; Mullan and Lax, 1996; Harmey et al, 2004). We 
have also recently demonstrated that PMT downregulates the expression of 
the runx2/cbfa-l transcription factor, which, as shown in Figure 7.1, is an es- 
sential gene for osteoblast differentiation and bone formation (Harmey et al., 
2004). The mechanism of PMT inhibition of osteoblast differentiation is not 
well understood, although the signalling pathways known to be triggered by 
PMT might offer some clue as to its mechanism of action in osteoblasts. 
Indeed, PMT treatment of osteoblasts induced cytoskeletal rearrangements, 
suggesting activation of the Rho GTPase, and our recent data have demon- 
strated that the PMT-induced inhibition of osteoblast differentiation was re- 
stored by treatment with the Rho inhibitor, C3 transferase (Table 7.1 and 
Harmey et al., 2004). 



o 



Table 7.1 The effects ofPMT on in vitro bone 
nodule formation of primary osteoblasts 

Treatment No. of bone nodules 



Control 


44 ±4 


PMT 


2 ±0.5 


PMT + C3 transferase 


50 ±12.5 



Primary mouse osteoblasts were treated in the absence 
(Control) or presence of recombinant PMT (20 ng/ml) 
and the number of bone nodules were assessed. Treat- 
ment with the Rho inhibitor C3 transferase abolishes 
the inhibitory effects of PMT. (*p < 0.05 vs control). 



o Taken together, these findings have demonstrated that activation of the 

o Rho GTPase negatively regulates osteoblast differentiation, and have also 

5 demonstrated the usefulness of PMT in identifying a signalling pathway in 



osteoblasts that is important for their function in synfhesising bone. 



d PMT and Osteoclasts 



PMT causes bone loss in vivo, and the results described in the previous section 

suggest that one mechanism that may contribute to this phenotype is the 

§ ability of PMT to inhibit bone formation in the bone remodelling cascade. 



However, the progressive and rapid loss of nasal turbinate bones in the pig 
| is well established, and points to some effects of PMT on bone-resorbing 

jji osteoclasts. Bone remains a principal target for PMT, an observation that 

g occurs apparently regardless of the route of administration. The effects of 

§ PMT, however, are not restricted to pigs, or indeed to the nasal turbinate 

bones, as pathological resorption has also been detected in rats and the long 
bones of foetal mice (Kimman et al., 1987; Ackermann et al., 1991; Felix 
et al., 1992; Martineau-Doize et al., 1993). The pro-resorptive effects of PMT 
are therefore well established, but the effects of PMT on the osteoclast itself 
remain unclear. Despite the slight increases in vivo in osteoclast size and 
number observed by some (Martineau-Doize et al., 1993), findings to the 
contrary have also been reported (Ackermann et al., 1993). Moreover, in vitro 
studies have been unable to elaborate further on the direct effects of PMT 
on osteoclast differentiation and activity, relative to the bone loss observed 
in vivo. 



As described earlier, osteoblasts are essential in osteoclastogenesis, and 
any pathological alteration in bone mass could be attributed to effects on os- 
teoblasts, osteoclasts, or both. Long-term porcine and murine bone marrow 
cultures in the presence of PMT have shown increases in osteoclast-like cell 
formation (TRAP positive multinucleated cells) (Jutras and Martineau-Doize, 
1996; Gwaltney et al., 1997). However, in the studies by Gwaltney et al. (1997), 
no increase in resorption was observed relative to the increase in osteoclast- 
like cell number. Moreover, resorption data were not included in the findings 
reported by Jutras and Martineau-Doize (1996). The only truly defining charac- 
teristic of bona fide osteoclasts requires functional criteria, namely, the ability 
to form resorption lacunae on a mineralised substrate (i.e., bone or dentine). 
In this regard, it is imperative that osteoclast formation assays incorporate a 
functional element. Furthermore, the heterogeneous nature of bone marrow 
cultures and high probability of stromal cell contamination in these culture > 

systems could be contributing indirectly to the pro-resorptive effects. m 

It is interesting to note therefore that in the studies by Gwaltney et al. > 

(1997) it was suggested that marrow stromal cells may be involved in the o 

observed increase in osteoclast formation. Subsequent studies by Mullan z 

and Lax, using partly purified populations of chick osteoblasts and osteo- ^ 

clasts, found no effect of PMT on bone resorption when either cell population « 

was cultured separately (Mullan and Lax, 1998). However, when co-cultured § 

with cell contact permitted, bone resorption was stimulated by PMT in a 
concentration-dependent manner, indicating that the bone-resorbing effects 
of PMT appear to be mediated, at least in part, via an interaction with osteo- 
blasts (see below) (Mullan and Lax, 1998). This suggested that PMT induced 
a pro-resorptive signal via osteoblasts expressed on the membrane of these 
cells. By analogy with a variety of other mediators that act via the osteoblast 
to induce bone resorption, this would suggest that PMT may increase the ex- 
pression ratio of RANKL to OPG, although our studies in murine osteoblasts 
suggest that the ratio of RANKL relative to OPG is decreased by PMT, indicat- 
ing an overall negative effect on osteoclastogenesis (Harmey and Grigoriadis, 
unpublished). 

Following the discovery of the RANKL/OPG system of soluble regulators 
of osteoclastogenesis, it has been possible to investigate osteoclast differen- 
tiation much more efficiently and unambiguously in purified populations 
of osteoclast precursors - for example, using macrophage precursors from 
murine bone marrow preparations or human monocytes from peripheral 
blood. Recently our group has investigated the role of PMT on osteoclast 
differentiation and activity using this system, which has so far not been 
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Figure 7.5. Toxin B and Lethal Toxin interfere with osteoclast morphology and function. 
(A) Images of rabbit osteoclasts on plastic dishes were taken at the indicated time periods, 
and cells were then fixed and stained with TRITC-phalloidin. Both lethal toxin and toxin B 
disrupted the distribution of peripheral actin (arrows in Control) and caused retraction of 
osteoclasts (retraction fibres indicated by arrows). Longer incubation with both toxins 
resulted in complete retraction and loss of adherence (not shown). (B) Rabbit osteoclasts 
were treated for 20 hours on dentine slices, then fixed and stained with TRITC-phalloidin. 
Both lethal toxin and toxin B caused disruption of F-Actin rings and retraction of 



addressed by others. Following the demonstration of the potent inhibitory 
effect of PMT on osteoblast differentiation - an effect partially mediated by 
activation of Rho - we found that PMT exerted a potent inhibitory effect on 
murine osteoclastogenesis and resorption directly via acting on the osteo- 
clast precursor population (Harmey and Grigoriadis, unpublished). Further- 
more, PMT also inhibited human osteoclast formation from peripheral blood- 
derived osteoclast precursors (McGowan and Grigoriadis, unpublished), and 
in both precursor populations, these direct inhibitory actions of PMT were re- 
stricted to the early stages of culture. Interestingly, preliminary data also sug- 
gest that PMT may elicit an activating effect in mature human osteoclasts - 
an effect also associated with morphological changes in the F-Actin rings 
expressed by these cells (McGowan and Grigoriadis, unpublished). These 
results suggest that PMT may have significantly different effects on the dif- 
ferentiation of osteoclasts from haematopoietic precursors, versus its effects > 
on mature osteoclasts. It remains to be seen which signalling mechanisms a 
activated by PMT are involved in these divergent effects. > 

H 

O 

s 

GTPases AND OSTEOCLASTS > 

B 

With the important role of Rho GTPases in the physiological regulation of § 

the actin cytoskeleton, and the requirement for unique cytoskeletal arrange- 
ments in normal osteoclast function (polarisation, ruffled border formation, 
and subsequent resorption), it would be predicted that bacterial toxins might 
influence osteoclast morphology and activity. Indeed, treatment of primary 
mature osteoclasts with either Clostridium difficile toxin B or lethal toxin from 
Clostridium sordcllii, which inactivate all Rho family members (Rho, Rac, and 
Cdc42), disrupted normal F-Actin ring formation and inhibited bone resorp- 
tion (Figure 7.5; Coxon and Rogers, unpublished observations). These data 
are in support of previous studies by Zhang and colleagues, who, using C3 ex- 
oenzyme, were the first to suggest a dependence on Rho for normal F-Actin 
ring (sealing zone) formation and resorption in vitro (Zhang et al., 1995). 
RhoA is highly expressed in osteoclasts and appears to be actively involved in 
the formation of podosomes - punctate membrane protrusions that are rich 
in F-Actin and proteins such as vinculin and talin. Chellaiah and colleagues, 



osteoclasts (arrows). (C) Rabbit osteoclasts on dentine were treated for 48 hours, and the 
number of F-Actin rings, osteoclasts, and resorption area were determined. Both toxin B 
(TB) and lethal toxin (LT) completely disrupted actin rings, reduced the number of 
adherent osteoclasts on dentine, and dramatically inhibited bone resorption. 



Z 



using C3 exoenzyme in addition to constitutively active (Rho Va114 ) and dom- 
inant negative forms of Rho (Rho Asn ' 19 ), demonstrated that Rho activation 
stimulated podosome assembly, osteoclast motility, and the resorptive activ- 
ity of avian osteoclasts. Accordingly, opposite effects were observed in the 
absence of functional Rho (Chellaiah et al, 2000). 

Other small GTPase family members (Ras, Rab) also appear to have im- 
portant roles in physiological osteoclast function (for a detailed review, see 
Coxon and Rogers, 2003). Ras GTPases may be essential for osteoclast sur- 
vival as dominant negative forms of Ras-induced apoptosis in murine osteo- 
clasts (Miyazaki et al., 2000). Moreover, there is evidence to suggest that the 
downstream mitogen activated protein kinase (MAPK) cascades (MEK/ERK) 
are required for normal osteoclast differentiation (Miyazaki et al., 2000; Lee 
et al., 2002), although reports to the contrary have also been published 
« (Matsumoto et al., 2000; Hotokezaka et al., 2002). Rab proteins are likely 

« to be essential for normal osteoclast function, given their role in vesicular 

o transport - a mechanism employed by the ruffled border in the acidification 

o of resorption lacunae. Rab 3b/c and Rab 7 are both expressed in osteoclasts, 

5 with the latter being localised specifically to the ruffled border. Furthermore, 

g inhibition of Rab 7 by antisense was shown by Zhao and co-workers to inhibit 

g bone resorption in vitro (Zhao et al., 2001). Taken together, these data extend 

w - the list of small GTPases that have specific effects on osteoclast function. De- 

u 

g lineating how each of these signalling pathways interact under physiological 

g conditions to regulate bone resorption provides the basis for exciting future 

<£ experiments. 

o 

o 

$ CONCLUDING REMARKS 

s 
« 
5j Specific signalling pathways that regulate multiple aspects of cell differen- 



x 

x tiation and cell physiology are being uncovered very rapidly by many labo- 

% ratories. The pronounced effects of several bacterial toxins on the differen- 

o 

" tiation and activity of the two major bone cell populations, osteoblasts and 

osteoclasts, have provided researchers with valuable insights for the elucida- 
tion of signalling pathways utilised by small GTPases during the process of 
bone remodelling. This has highlighted the usefulness of bacterial protein 
toxins as tools to perturb specific signalling pathways in bone cells, result- 
ing in altered cell behaviour. Elucidating further the mechanism of action 
and specificity of such bacterial toxins in osteoblasts and osteoclasts will un- 
doubtedly provide critical insights for understanding their roles in diseases 
of the skeleton, and ultimately, for the development of novel therapeutic 
strategies. 
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CHAPTER 8 

Helicobacter pylori mechanisms for inducing 
epithelial cell proliferation 

Michael Naumann and Jean E Crabtree 



Helicobacter pylori, the first bacterium to be designated a Class I carcino- 
gen, has a major aetiological role in human gastric carcinogenesis. H. pylori 
infection is acquired primarily in childhood and, in the majority of in- 
stances, infection and associated chronic gastritis are lifelong. A key feature of 
H. pylori infection of relevance to the associated increased risk of developing 
gastric cancer is the hyperproliferation of gastric epithelial cells induced by 
the bacterium. Infection is associated with increased gastric epithelial cell 
proliferation in both humans and in experimental animal models. 

Clinically, there is a marked diversity in the outcome of H. pylori infec- 
tion and only a few infected subjects will develop gastric cancer (reviewed 
Peek and Blaser, 2002). Recent studies in Japan show that the risk of cancer 
with H. pylori infection is greatest in infected subjects with nonulcer dys- 
pesia or gastric ulceration who develop severe gastric atrophy and intestinal 
metaplasia (Uemura et al., 2001). Bacterial virulence factors such as the cag 
pathogenicity island (PAI) (Blaser etal., 1995; Kuipers etal., 1995; Webb etal., 
1999) and genetic polymorphisms in the interleukin-1,6 and IL-1 receptor an- 
tagonist genes associated with overexpression of IL-1 and hypochlorhydria 
(El-Omar etal, 2000; Machado etal., 2001; FurutaetaL, 2002) have each been 
linked to an increased risk of developing gastric atrophy and/or intestinal type 
gastric cancer. 

H. pylori is one of several chronic infections that have recently been as- 
sociated with the development of neoplasia (see Chapter 9). The cellular and 
molecular pathways by which H. pylori infection promotes epithelial hyper- 
proliferative responses and transformation are the subject of active investiga- 
tion. H. pylori represents an excellent model system to investigate pathogen- 
induced epithelial cell signalling pathways of relevance to neoplasia. Recent 
studies have focused on identifying bacterial and host factors involved in the 



epithelial hyperproliferative responses. Both in vitro bacterial-epithelial co- 
culture systems, and in vivo studies in humans and animal models, have been 
used to examine bacterial factors involved in the hyperproliferative response 
and the mechanisms by which H. pylori alters cell cycle control in the gastric 
epithelium. 

CLINICAL STUDIES 

Many clinical studies have demonstrated that infection with H. pylori is as- 
sociated with increased epithelial cell proliferation in humans (Lynch et al., 
1995a; Lynch et al, 1995b; Cahill et al, 1996; Jones et al, 1997; Moss et al, 
2001). Increased epithelial proliferation is observed early in the natural his- 
tory of infection, being present in H. pylori-infected children (Jones et al., 
1997). Lifelong increased cell turnover is likely to be an important risk factor 
for the development of gastric cancer. Patients with H. pylori negative gas- 
tritis do not have increased gastric epithelial cell proliferation compared to 
uninfected controls (Lynch et al., 1995a; Lynch et al, 1995b; Cahill et al., 1996; 
Panella et al., 1996). Epithelial proliferation indices have been positively cor- 
z related with the degree of histological inflammation in both the antrum and 
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* corpus mucosa in H. pylori-infected patients (Peek et al., 1997; Lynch et al.. 



| 1999; Moss et al., 2001). However, stepwise multiple regression analysis has 
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< indicated that the only independent predictor of epithelial cell proliferation 

is the density of H. pylori colonisation (Lynch et al., 1999). This suggests that 

g in humans the enhanced epithelial proliferation observed with infection is 

promoted both as a consequence of the inflammatory response, and by a 
route independent of inflammation. 

The effect of eradication of H. pylori infection on gastric epithelial cell 
proliferation has also been investigated. A significant decrease in gastric ep- 
ithelial cell proliferation has been observed following successful eradication 
of H. pylori (Brenes et al., 1993; Fraser et al, 1994; Lynch et al., 1995b; Cahill 
et al., 1995; Leung et al., 2000). In addition, attenuated levels of epithelial cell 
proliferation have also been observed in patients where H. pylori eradication 
was unsuccessful (Fraser et al., 1994; Lynch et al., 1995b). This may be due 
to a decrease in the intensity of inflammation and/or bacterial density after 
therapy in those patients in whom treatment failed. Only one study to date 
has failed to demonstrate a reduction in gastric epithelial cell proliferation 
after eradication of H. pylori infection (El-Zimaity et al., 2000). Divergent 
results may be attributed to varying patient populations, labelling tech- 
niques, and/or treatment with pharmacological agents such as proton pump 
inhibitors. 




Figure 8.1. Gastric epithelial cell proliferation in the antrum of Mongolian gerbils 
infected with H. pylori SSI strain. Epithelial cell proliferation in the antral gastric mucosa 
of A) uninfected control Mongolian gerbil, B) Mongolian gerbil, 4 weeks post-infection 
with H. pylori. Bar = 500 ;Um. Mongolian gerbils were injected 1 hour prior to sacrifice 
with bromodeoxyuridine (BrdU), and the presence of proliferating epithelial cells was 
detected by immunohistochemistry using a monoclonal antibody to BrdU. Adapted from 
Court et al., 2002. 



ANIMAL MODELS 

Experimental infection with H. pylori, or the related gastric Helicobacter sp., 
H. mustelae, or H.felis, increases gastric epithelial cell proliferation in a variety 
of animal species, including Japanese monkeys (Fujiyama et al., 1995), ferrets 
(Yu et al., 1995), Mongolian gerbils (Peek et al., 2000; Israel et al, 2001; Court 
etal, 2002) (Figure 8.1), andmice (Fox etal, 1996; Wang etal, 1998; Fox etal, 
1999). Dietary factors such as salt intake have also been shown to increase 
gastric epithelial cell proliferation in the H. pylori murine model (Fox et al., 
1999). 

The most detailed studies to date on Helicobacter-induced gastric epithe- 
lial cell proliferation have been undertaken in the murine H. felis model. 
H.felis infection in mice causes severe inflammation and marked epithelial 
hyperplasia (Wang et al, 1998; Ferrero et al, 2000). In C57BL/6 mice, H.felis 
induces greater gastric epithelial cell proliferative responses than H. pylori 
(Court et al., 2002). Both the severity of the gastritis induced by H.felis in- 
fection (Sakagami et al., 1996), and the extent of epithelial proliferation and 
apoptosis (Wang et al., 1998), are dependent on the strain of mouse infected. 
In C57BL/6 mice, H.felis induces extensive epithelial hyperproliferation in 
the corpus mucosa, with parietal and chief cells being replaced with mucous 
secreting cells (Sakagami et al., 1996). Wang et al. (L998) demonstrated that 
both epithelial proliferative responses and apoptosis regulation are increased 
in H.felis infected C57BL/6 mice, which they considered could relate to the 
absence of phospholipase A2 in these mice (Wang et al., 1998). Interestingly, 
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detailed analysis of H.felis stimulated gastric pathology, epithelial cell prolif- 
eration, and apoptosis regulation over a one-year period in C57BL/6 mice has 
revealed marked gender differences in responses (Court et al., 2003). Signifi- 
cant increases in epithelial proliferation and apoptosis in response to H.felis 
were observed only in female mice, possibly reflecting sex differences in the 
immune responses and cytokine production. Gender differences in ethanol- 
induced ulceration and gastritis have been previously observed in rats, with 
females having increased levels of gastric epithelial cell proliferation com- 
pared to males (Liu et al., 2001). The functional importance of gender should 
be considered in future murine studies on H. felis- and H. pylori-induced 
chronic gastritis. 

H. pylori infection is associated with elevated plasma gastrin (El-Omar 
et al., 1997), a protein known to promote gastric epithelial hyperproliferation 
(Wang et al, 1996; Tsutsui et al, 1997; Miyazaki et al., 1999). In gerbils, 
H. pylori-induced epithelial cell proliferation has been correlated with ele- 
vated serum gastrin levels (Peek et al., 2000). In a transgenic mouse model 
that over-expresses gastrin, H.felis infection accelerates the development of 
gastric adenocarcinoma (Wang et al., 2000b). However, the effects of H.felis 
z infection on gastric epithelial cell proliferation in wild-type and hypergastri- 
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fc naemic mice have not been examined. The contributions of gastric Helicobac- 
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| ter infection, hypergastrinaemia, and the chronic inflammatory response to 
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< epithelial hyperproliferation are areas of active research. 
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H. PYLORI VIRULENCE FACTORS 

H. pylori is a genomically diverse pathogen (Suerbaum et al., 1998), and sev- 
eral bacterial virulence factors are now considered to have a key role on the 
epithelial response to infection. It has become apparent in recent years that 
the epithelial cellular response to H. pylori is variable. Only strains contain- 
ing the 40 kb cag PAI (Censini et al., 1996; Akopypants et al., 1998) trigger 
signalling cascades in gastric epithelial cells resulting in AP-1 and NF-^rB 
activation (Naumann et al., 1999; Foryst-Ludwig and Naumann, 2000) and 
multiple associated changes in gene expression. Of particular interest has 
been the observation that chemokines such as IL-8 are upregulated in gastric 
epithelial cells by cag PAI positive H. pylori strains (Crabtree et al., 1994a; 
Sharma et al., 1995). The upregulation of IL-8 and other neutrophil chemo- 
tactic C-X-C chemokines, such as GRO-a (Crabtree et al., 1994b; Eck et al. 
2000), in human gastric epithelial cells is probably critical to the association 
among infection with cag PAI positive strains, neutrophilic responses, and 
more severe gastroduodenal disease (Crabtree et al., 1991; Weel et al., 1996). 



The gene products of the cag PAI encode a type IV secretory system that 
translocates CagA (Segal et al, 1999; Asahi et al., 2000; Backert et al, 2000; 
Odenbreit et al., 2000; Stein et al., 2000) and presumably unknown factors 
into the gastric epithelial cells. The profile of gene expression, as determined 
by cDNA array analysis, in gastric epithelial cells differs markedly after cul- 
ture with wild-type cag PAI positive and wild-type cag PAI negative strains, 
with many genes involved with cell cycle control and apoptosis being dif- 
ferentially expressed (Cox et al., 2001). There has been considerable interest 
in whether in vivo specific H. pylori strains are associated with enhanced 
epithelial proliferation and apoptosis. 

Evidence for H. pylori Strain Related Differences in Gastric 
Epithelial Cell Proliferation in vivo 



The contribution of bacterial factors to the induction of gastric epithelial cell n 

proliferation and the regulation of apoptosis is under active investigation. §! 

One approach has been to examine the effects of H . pylori strains of spe- 3 

cific genotype and isogenic mutants on proliferation and apoptosis in gastric 3 

epithelial cell lines in vitro (Peek et al., 1999). However, there is marked vari- § 

ability in the expression of cell cycle regulatory proteins such as p27 KIP1 and 
cyclin E/cdk2 activity induced by H. pylori in different gastric epithelial cell 
lines (Sommi et al., 2002), making extrapolation of in vitro studies to events 
in vivo difficult. In addition, the majority of studies have documented inhibi- 
tion of proliferation by H. pylori in vitro (Shirin et al., 1999; Peek et al., 1999), 
which will not necessarily reflect events in vivo. 

It is currently unclear from the clinical studies carried out whether gastric 
epithelial cell proliferation varies according to the cag PAI status of the infect- 
ing strain. Two studies have reported that gastric epithelial cell proliferation 
is greater in patients infected with cagA positive strains than cagA negative 
strains (Peek et al., 1997; Rokkas et al., 1999), although another study in pa- 
tients with non-ulcer dyspepsia failed to confirm these observations (Moss 
et al., 2001). A recent study in a Chinese population where 98% of patients 
were infected with cagA+ H. pylori strains identified increased epithelial cell 
proliferation in those infected with strains expressing the blood group anti- 
gen binding adhesin babA2 (Yu et al., 2002). The presence or absence of 
adhesins may account for earlier discrepancies. 

There have also been similarly divergent results with respect to the ef- 
fects of the cag PAI on apoptosis in human gastric epithelial cells. Two studies 
reported that apoptosis was greater in patients infected with cagA negative 
strains than cagA+ strains (Peek et al., 1997; Rokkas et al, 1999), whilst one 



reported the converse (Moss etal., 2001). Lipopolysaccharide (LPS) of H. pylori 
cag PAI positive strains induced apoptosis in isolated guinea pig-derived gas- 
tric pit cells in vitro, whereas LPS from cag PAI negative strains did not induce 
apoptosis (Kawahara et al., 2001). Other recent in vitro studies indicate that 
H. pylori induces apoptosis via NF-*rB dependant cascades (Gupta et al., 
2001) - observations not in accordance with the observed reduced apoptosis in 
the gastric mucosa of patients with cag PAI positive strains compared to those 
with cag PAI negative strains (Peek et al., 1997; Rokkas et al., 1999). Activa- 
tion of the peroxisome proliferator-activated receptor y (PPARy ) suppressed 
NF-/<rB mediated apoptosis in vitro (Gupta et al., 2001), but this inhibition was 
independent of cag PAI status. From the limited clinical data, the effects of 
bacterial virulence factors, such as the cag PAI, on gastric epithelial prolif- 
eration and apoptosis in vivo are unresolved. There are several confounding 
factors, including probably variable usage of non-steroidal anti-inflammatory 
drugs, which will effect apoptosis (Leung et al., 2000). 

Infection of animal models with genetically defined H. pylori strains is an 

alternative approach to investigate the importance of the cag PAI on gastric 

epithelial proliferation and apoptosis. Studies in mice have mainly used the 

z SSI H. pylori strain (Lee et al., 1997). Despite being cagA+, this strain appears 
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* to lack a functional cag PAI (Crabtree et al., 2002), and fails to induce IL-8 



| secretion in human gastric epithelial cells in vitro (van Doom et al., 1999). In 
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< the mouse, host-induced changes in cag PAI genotype and related functions 

have also been reported (Sozzi et al., 2001). In addition, recent studies indicate 

g that the mouse is preferentially colonised by cagA negative strains which 

induce reduced inflammatory responses (Philpott et al., 2002), thus making 
it an unsuitable model for investigating cag PAI effects on host responses. 

Mongolian gerbils can be successfully colonised with H. pylori strains, 
with or without a functional cag pathogenicity island (Wirth et al., 1998; 
Peek et al, 2000; Israel et al, 2001; Akanuma et al., 2002; Wang et al., 2003) 
(Figure 8.2). Long-term infection is associated with the development of in- 
testinal metaplasia (Ikeno et al., 1999) and gastric adenocarcinoma (Watanabe 
et al., 1998). In the gerbil, cag PAI strains of H. pylori have been shown to 
induce more severe gastritis (Ogura et al., 2000; Israel et al., 2001; Akanuma 
et al., 2002) and increased epithelial proliferation and apoptosis regulation 
(Israel et al., 2001), compared to strains lacking a functional cag PAI. Gastric 
epithelial cell proliferation in the gerbil in response to H. pylori SSI strain is 
significantly greater than in the mouse (Court et al., 2002). During the early 
stages of infection in the gerbil, the epithelial hyperproliferative responses 
are confined to the antrum, but with time, progress to the corpus (Israel 
et al., 2001; Court et al., 2002), mirroring the pathology and proliferative 




Figure 8.2. Gastric histology in Mongolian gerbil infected with H. pylori strain SSI for 
36 weeks. Haematoxylin and Eosin stained sections of A) antral mucosa and B) corpus 
mucosa. Bar = 100 (im. Adapted from Naumann and Crabtree (2004). (See color section.) 

responses observed with human infection (Moss et al., 2001). The gerbil is 
thus a useful model to analyse the role of H. pylori virulence factors on gastric 
epithelial proliferation and apoptosis. Further studies with isogenic mutants 
of other virulence factors will be important to delineate their importance in 
the epithelial hyperproliferative response. 
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H. PYLORI INTERFERENCE WITH HOST CELL SIGNALLING 

Activation of Proliferation-Associated Kinases ERK/MEK in 
H. pylori Infection and the Role of COX-2 Induction 

While clinical and animal model studies have investigated several aspects 
of the bacterial-induced hyperproliferative responses, recent in vitro studies 
with gastric epithelial cells have begun to delineate the importance of specific 
signalling pathways. Furthermore, the contribution of these pathways to over- 
expression of key genes potentially involved in gastric neoplasia has been 
examined. 

Pathways of great current interest are the induction of nitric oxide syn- 
thase and cyclooxygenase 2 (COX-2) in H. pylori infection (Fu et al., 1999). 
As in many human tumour cells, gastric cancer cells over-express COX-2 
(Sung et al., 2000), which represents an enzyme responsible for the release 
of prostaglandin E 2 (PGE 2 ). PGE 2 is implicated in maintaining the function 
and structure of the gastric mucosa by modulating diverse cellular functions, 



such as secretion of fluid and electrolytes, and cell proliferation (Eberhart and 
Dubois, 1995). One of the mechanisms involved in PGE 2 release is the in- 
duction of COX- 2 expression. COX-2 mRNA expression and PGE 2 synthesis 
in MKN28 gastric epithelial cells (Romano et al., 1998) and in human gastric 
mucosa (Sawaoka et al, 1998; McCarthy et al, 1999; Sung et al., 2000) have 
been demonstrated in H. pylori infection, indicating that COX-2 is involved 
in H. pylori-related gastric pathology. Enhanced transcription of the COX- 
2 gene in gastric epithelial cells is regulated through a proximal CRE-Ebox 
enhancer element at -56 to -48 bp by activation of the USF-1 and -2 tran- 
scription factors (Jiittner et al., 2003). H. pylori-triggered induction of the 
COX-2 gene appears independent of the cag type IV secretion system, and 
involves activation of the MAP kinases MEK and ERK (Jiittner et al., 2003). 
A rate-limiting step in the control of PGE 2 is the release of arachidonic acid 
(AA) from membrane phospholipids, which is known to occur via a num- 
ber of different pathways. H. pylori induces the release of PGE 2 and AA in 
gastric epithelial cells by activation of the cytosolic phospholipase A 2 (PLA 2 ) 
via pertussis toxin-sensitive heterotrimeric Gcfi/Ga proteins and the p38 
kinase. PGE 2 production via AA release is predominately synthesised from 
£ phosphatidylinositol. In contrast to the H. pylori wild-type strain, an isogenic 
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55 strain with a polar mutation in the cag PAI only weakly activates AA synthesis 



| (Pomorski et al, 2001). 
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< An almost complete signalling cascade leading to the activation of the 

histidine decarboxylase (HDC) promoter in H. pyiori-infected gastric epithe- 

j|j Hal cells has recently been described by Wessler et al. (2002). HDC is the 

key enzyme involved in histamine biosynthesis and converts L-histidine into 
histamine in enterochromaffin-like cells of the corpus mucosa. Histamine 
is an important physiological regulator of gastric acid secretion. In contrast 
to the induction of proinflammatory cytokine-genes such as IL-8 (Li et al., 
1999), activation of the HDC promoter in gastric epithelial cells is indepen- 
dent of expression of virulence factors encoded by the cag PAI (Wessler et al., 
2002). Activation of the HDC promoter involves the activity of the extracellular 
signal-regulated kinases 1/2 (ERK1/2) and MEK1/2. The hierarchical cascade 
that leads to MEK/ERK activation in H. pylori-infected gastric epithelial cells 
involves B-Raf but not c-Raf-1. B-Raf activation in H. pylori infection depends 
on the activity of the Ras-like GTPase Rapl and the accumulation of cAMP 
(Wessler et al., 2002). The generation of cAMP in H. pylori-infected gastric 
epithelial cells is also involved in pepsinogen secretion (Jiang et al., 2001). 
The production of cAMP requires the activity of adenylate cyclase, which is 
under the control of the heterotrimeric G-protein Ga s (Wessler et al., 2002). 
It is not currently known how H. pylori induces Ga s . 
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Figure 8.3. Northern blot of HB-EGF expression in H. py!ori-stimulated MKN-1 gastric 
epithelial cells. H. pylori-induced HB-EGF expression is BB94, CRM197, and AG1478 
sensitive and completely abolished by PD98059. Northern blot of expression of HB-EGF 
and fi actin in MKN-1 gastric epithelial cells 30 minutes following incubation with (+) or 
without (-) H. pylori strain 60190 in the presence or absence BB94, CRM197, AG1478, and 
PD98059. Adapted from Wallasch et al, 2002. 



H. pylori Induces Signalling Cascades via Activation of the 
Receptor Tyrosine Kinases EGFR and Her2/Neu 

The epidermal growth factor receptor (EGFR) and related EGFR ligands are 
thought to have an important role in gastric mucosal repair (Barnard et al., 
1995). Recent studies have demonstrated that H. pylori transactivates the 
EGFR in gastric epithelial cells (Keates et al., 2001; Wallasch et al., 2002). The 
EGFR transactivation is dependent on extracellular transmembrane metal- 
loprotease cleavage of pro-heparin binding epidermal growth factor (proHB- 
EGF) and signalling by mature HB-EGF (Wallasch et al., 2002). The upreg- 
ulation of HB-EGF gene transcription by H. pylori requires metalloprotease, 
EGFR, and Mekl activities (Wallasch et al., 2002) (Figure 8.3), indicating 
the involvement of the "triple membrane passing signal" (TMPS) for EGFR 
transactivation. Previous studies have demonstrated that EGFR transactiva- 
tion induced by G-protein-coupled receptors (GPCRs) involves triple mem- 
brane passing signal (TMPS) transmission events: ligand activation of GPCR, 
and induction of extracellular transmembrane metalloprotease cleavage of 
proHB-EGF and EGFR signalling by released mature HB-EGF (Prenzel et al., 
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Figure 8.4. H. pylori PAI-dependent and -independent activation of epithelial signalling 
cascades. H. pylori-induced signalling by PAI positive strains leads to activation of the 
IKK, JNK, and p38 kinases, early response transcription factors, and immune response 
relevant genes. Proliferation-associated activity of the ERK kinases becomes activated by 
PAI + and PAI~ H. pylori strains. 



1999). EGFR transactivation and increased expression of HB-EGF in gastric 
epithelial cells are induced by both cag PAI positive and cag PAI negative 
H. pylori strains (Wallasch et al., 2002) (Figure 8.4). Upregulation of HB-EGF 
in gastric epithelial cells can be induced by either H. pylori cell suspensions 
or broth culture filtrates, and is independent of a functional cag PAI (Romano 
et al., 1998). One report suggested that EGFR transactivation by H. pylori in 
gastric epithelial cells was dependent on a functional cag PAI (Keates et al., 
2001), although this was not concordant with earlier observations by the same 
group that both cag positive and cag negative H. pylori strains stimulated sig- 
nalling via the ERK/MEK pathway (Keates et al., 1999). The bacterial factors 
involved in EGFR transactivation remain to be identified. However, induction 
of TMPS signalling in gastric epithelial cells by H. pylori could lead to au- 
tocrine/paracrine signalling cascades, promoting enhanced gastric epithelial 
cell proliferation and decreased apoptosis. 

The protease(s) involved in the processing of transmembrane proHB- 
EGF remains to be identified. Matrix metalloproteinase-3 (MMP-3) cleaves 
HB-EGF at a specific site in the juxtamembrane domain (Suzuki et al., 1997). 
H. pylori increases MMP-3 in AGS gastric epithelial cells (Gooz et al., 2001) 
and the bacterium itself has also been reported to have MMP-3 activity (Gooz 
et al., 2001). Members of the ADAM metalloprotease disintegrin family have 
also been implicated in ectodomain shedding of pro HB-EGF (Izumi et al., 
1998). H. pylori upregulates several ADAM genes in cultured gastric epithelial 
cells (Cox et al, 2001; Yoshimura et al, 2002) and expression of ADAM10 



and ADAM 17 is increased in the gastric mucosa of H. pylori-infected patients 
(YoshimuraetaL, 2002). 

Over-expression of key elements of the TMPS cascade in patients 
with gastric cancer or atrophic gastritis suggests that the EGFR autocrine/ 
paracrine signalling pathway induced by H. pylori is of pathophysiological 
relevance. H. pylori infection in humans is associated with increased gastric 
mucosal levels of epidermal growth factor (EGF) protein and EGFR tran- 
scripts (Wong et al., 2001). Recent in vitro studies indicate that H. pylori 
induces the receptor tyrosine kinase HER2/Neu (ErbB-2), another member 
of the EGF receptor family, in gastric epithelial cells (Churin et al., 2003). Gas- 
tric expression of EGFR ligands amphiregulin (Cook et al., 1992; Cox et al., 
2001) and HB-EGF (Naef et al., 1996; Murayama et al, 2002) is also increased 
in patients with H. pylori infection and/or gastric cancer. Additionally, expres- 
sion of several ADAM genes is strongly increased in gastric cancer mucosa £ 
(Yoshimura et al., 2002), raising the possibility that their over-expression may n 



to be further amplified by the hypergastrinaemia associated with infection. 
Gastrin similarly increases HB-EGF and also cell proliferation in rodent gas- 
tric epithelial cells both in vitro (Miyazaki et al., 1999) and in vivo (Tsutsui 
et al., 1997; Wang et al., 2000b). The hypergastrinaemia associated with 
H. pylori infection (El-Omar et al., 1997) and TMPS-dependent EGFR trans- 
activation via GPCR activation (Prenzel et al., 1999) would further promote 
autocrine or paracrine EGFR transactivation in gastric epithelial cells (Varro 
et al., 2002). Importantly, when H. pylori infection is lost in patients with se- 
vere atrophic gastritis and hypochlorhydria, the hypergastrinaemia may have 
an important role in promoting EGFR transactivation. 

Activation of the c-Met Receptor and the Motogenic Response: 
A Mechanism of H. pylori-Induced Tumour Development 
and Invasion 

H. pylori induces a phenotype that is known as cell scattering in gastric epithe- 
lial cells in vitro (Naumann, 2001). Other phenorypes beside the scattering of 
H. pylori-infected epithelial cells, like the actin reorganisation with ruffle-like 
structures, and epithelial cell movement, strictly depend on the functional 
type IV secretion system, but appear independent of H. pylori CagA protein 
expression. At the molecular level, these prominent changes in cellular mor- 
phology involve the activity of the Rho-GTPases Racl and Cdc42 (Churin 
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promote amplification of TMPS signalling cascades and dysregulated EGFR § 

transactivation. 3 

so 

H. pylori-induced EGFR transactivation in gastric epithelial cells is likely ^ 



et al., 2001). Interestingly, the cell spreading and membrane ruffles induced 
in gastric epithelial cells infected with PAI + H. pylori strains are also similar 
to the changes in cellular morphology induced by hepatocyte growth factor 
(HGF). The receptor for HGF is the c-Met receptor tyrosine kinase, which is 
involved in invasive growth of tumour cells upon activation (Matsumoto and 
Nakamura, 1996). In vitro, HGF promotes epithelial cell growth and survival 
as well as epithelial-mesenchymal transition, where it stimulates the disso- 
ciation and dispersal of colonies of epithelial cells and the acquisition of a 
fibroblastic morphology (Thiery, 2002). 

Recent data show that H. pylori induces the activation of c-Met in AGS 
gastric epithelial cells (Churin et al., 2003). Epithelial cell clusters become 
migratory after infection with H. pylori. Comparison of the same epithelial 
cell colonies before, and 4 hours after, H. pylori infection demonstrated the 
strong stimulation of AGS cell motility (Churin et al., 2003). One of the 
biological responses to EGFR activation is stimulation of cell motility (Xie 
et al., 1998). However, specific inhibitors of EGFR (AG1478), and of the 
closely related HER2/Neu receptor (AG825), had no effect on the activation 
of c-Met by H. pylori, and in spite of the presence of inhibitors, AGS cells 
z became migratory after infection (Churin et al., 2003). These observations 
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* indicated that H. pylori induces the activation of c-Met in AGS cells that can 



| lead to the stimulation of host cell motogenic response. 
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< Like HGF, the InlB protein of Listeria monocytogenes binds to c-Met, 

thereby inducing tyrosine phosphorylation of several proteins (Gabl, Cbl 

g and She) (Ireton et al., 1998). As demonstrated by Shen et al. (2000), InlB is 

also able to trigger scattering of some epithelial cell lines. The direct involve- 
ment of c-Met in the stimulation of host epithelial cell motogenic response by 
H. pylori was confirmed by using small interfering RNA (siRNA) to silence 
the expression of the c-Met receptor by RNA interference (RNAi) in epithe- 
lial cells. A siRNA to c-Met efficiently and specifically silenced c-Met receptor 
expression, without affecting EGF receptor expression. Epithelial cells trans- 
fected with siRNA to c-Met were resistant to the induction of motility by 
H. pylori. Further, the silencing of c-Met receptor expression had no effect on 
CagA tyrosine phosphorylation (Churin et al., 2003). Compared to the PAI 
positive wild-type strain, an isogenic cagA mutant strain induced only a weak 
motogenic response in AGS cells; and a virBll mutant strain, which lacks 
a functional type IV secretion system, also failed to promote the motogenic 
response. Furthermore, over-expression of CagA in AGS cells did not induce 
motility, indicating that H. pylori infection and translocation of the CagA 
protein are required for the motogenic response (Churin et al., 2003). 

Following activation of c-Met, the multifunctional docking site medi- 
ates the binding of several adapter proteins that in turn recruit several 



signal-transducing proteins (Furge et al., 2000). Disruption of the multifunc- 
tional docking site abrogates the capability of c-Met to induce oncogenic 
transformation and invasive growth of tumour cells (Bardelli et al., 1998). 
Biochemical studies indicate that following translocation CagA targets only 
the phosphorylated c-Met receptor and that this interaction is independent 
of CagA phosphorylation (Churin et al., 2003). Physical interaction of CagA 
and PLCy and activation of PLC/ by H. pylori contribute in the motogenic 
response. Inhibition of the PLCy signalling pathway blocks growth factor- 
induced cell motility (Kassis et al., 2001), and inhibition of PLC y by using the 
pharmacological agent U73122 suppresses the motogenic response of AGS 
cells after H. pylori infection. 

Based on previous studies, wild-type H. pylori strains and the cagA mutant 
strain could activate Rho GTPases Racl and Cdc42 in AGS gastric epithelial 
cells. Furthermore, Racl and Cdc42 are recruited to the site of bacterial at- £ 

tachment (Churin et al., 2001). Rho GTPases control polarity, protrusion, n 

and adhesion during cell movement (Nobes and Hall, 1999). Thus, a weak §! 

motogenic response of AGS cells to infection with the cagA mutant strain 3 

could be explained by activation of Rho GTPases that leads to the transient 3 

polarisation of the host cells. However, the physical interaction of CagA with § 

PLC}/ is necessary to produce the complete motogenic response of AGS cells 
after H. pylori infection. 

After binding to the multisubstrate docking site of c-Met, adapter pro- 
teins recruit several SH2 domain-containing proteins to form an intricate 
signalling complex (Furge et al., 2000). One of the proteins that plays an im- 
portant role in c-Met signalling is the large adapter protein Gabl (Weidner 
et al., 1996). Growth factor treatment can induce Gabl tyrosine phospho- 
rylation and its direct association with the SH2 domains of several signal 
transducers, including phosphatidylinositol 3-OH kinase (PI3-K), PLCy, and 
SHP-2 phosphatase (Weidner et al., 1996). However, CagA does not co- 
immunoprecipitate with Gabl. Furthermore, another adapter protein Grb2 
(Ponzetto et al., 1994) also fails to bind CagA (Higashi et al, 2002b; Churin 
et al., 2003). The interaction of the tyrosine phosphatase SHP-2 and CagA 
has been described recently (Higashi et al., 2002a). However, this interaction 
was demonstrated in AGS cells transfected with the plasmid encoding CagA. 
Thus, CagA directly interacts with signal-transducing proteins and may play 
a role as an adapter protein in growth factor receptor signalling. 

The dual protein/phospholipid kinase PI3-K has been shown to be 
activated during growth factor signalling (Comoglio and Boccaccio, 2001; 
Kassis et al., 2001). H. pylori infection activates PI3-K in AGS cells, whereas 
LY294002 strongly inhibited its activation. However, in spite of the presence 
of the PI3-K inhibitor, the AGS cells were motile. In contrast to AGS cells, 



MDCK cells treated with a specific PI3-K inhibitor and infected with H. pylori 
do not show scattering. As the MDCK cells are polarised primary canine 
kidney cells, and thus fundamentally different from AGS cells, the observed 
difference in PI3-K requirement may be due to cell type specificity (Churin 
et al, 2003). 

Studies using MAPK signalling pathway inhibitors have established a 
role for the MAPK signalling pathway in regulating cell motility (Klemke 
et al., 1997). Within the family of MAPK the extracellular regulated kinases 
(ERKs) promote cell motility in a transcription-independent manner (Klemke 
et al., 1997). It has been previously reported that H. pylori activates PAI- 
independent ERKs in AGS cells (Keates et al, 1999; Wessler et al, 2000). 
Inhibition of MAP kinases with PD98059 completely blocks ERK activation 
and the H. pylori-induced motogenic response (Churin et al., 2003). These 
observations demonstrate that MAP kinase signalling events are critical for 
the induction of the motogenic response in H. pylori-infected epithelial cells. 

The induction of the motogenic response by H. pylori in epithelial cells 

represents an example of how human microbial pathogens can activate 

growth factor receptor tyrosine kinases, and modify signal transduction in 

£ the cell using translocated bacterial proteins. The H. pylori effector protein, 
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* CagA, acts inside the cells to target the c-Met receptor and to enhance the 



| motogenic response, which suggests that dysregulation of growth factor re- 
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< ceptor signalling could play a role in motility and invasiveness of epithelial 

cells. The activation of the motogenic response in H. pylori-infected epithelial 

g cells suggests that CagA could be involved in tumour progression. Numerous 

experimental and clinical data indicate a particular role of HGF and the proto- 
oncogene c-Met in tumour invasive growth. Thus, H. pyiori-induced c-Met 
receptor signal transduction pathways could be responsible for cancer onset 
and tumour progression. Moreover, H. pylori colonisation could not only be 
associated with the development of gastric cancer, but could also promote 
tumour invasion through stimulation of the motogenic response in infected 
cells. 

HOST CELL FACTORS REGULATING H. PV/.0/?/-INDUCED CELL 
CYCLE CONTROL, APOPTOSIS, AND HYPERPROLIFERATIVE 
RESPONSES 

The contribution of host factors to the induction of gastric epithelial cell pro- 
liferation and apoptosis is under active investigation. Experimental infection 
of H. fells in transgenic mice with specific gene deletions has been a useful 
approach for the identification of potential host contributory factors. Several 



studies have shown reduced gastric epithelial proliferative responses to infec- 
tion with gastric Helicobacter sp. in immune deficient mice, emphasising the 
importance of mucosal inflammation in the murine model. RAG - ' - mice 
(Roth et al., 1999), mice with severe combined immune deficiency disorder 
(SCID) (Symthies et al., 2000) and mice deficient in interferon regulatory 
factor (Sommer et al., 2001) or gamma interferon (Symthies et al., 2000) do 
not develop gastritis and associated epithelial hyperproliferative responses. In 
contrast, IL-10 - / - mice (Berg et al., 1998) and mice lacking functional TGF-/3 
type II receptor (Hahm et al., 2002) develop severe hyperplastic gastritis with 
infection with gastric Helicobacter sp., demonstrating the functional impor- 
tance of anti-inflammatory and immune regulatory cytokines in bacterially 
induced epithelial hyperproliferation. 

H. pylori infection results in increased expression of Fas antigen on gas- 
tric epithelial cells (Rudi et al., 1998), and experimental studies have demon- £ 
strated that Fas ligand positive T cells can induce epithelial cell cytotoxicity via n 
Fas/Fas ligand interactions (Wang et al., 2000a). T cells may therefore have an §! 
important role in the induction of gastric epithelial cell apoptosis in H. pylori 3 
infection and thus promote hyperproliferative epithelial responses. In Fas 3 
antigen-deficient mice, inflammation induced by H. felis is comparable to § 
wild-type mice, but infection does not result in the increases in gastric epithe- 
lial cell proliferation or apoptosis observed with wild-type mice (Houghton 
et al., 2000). In addition, in contrast to wild-type mice, there is no progres- 
sion to atrophic gastritis in H. felis Fas antigen-deficient mice. These studies 
emphasise the important role of Fas antigen in Helicobacter induced gastritis 
in the murine model, and suggest that in this model gastric epithelial cell 
proliferation occurs as a consequence of increased Fas-mediated apoptosis. 

Transgenic mice have also been used to examine the importance of p53 
(Fox et al., 1996) and Ape (Fox et al., 1997) on cell cycle changes induced 
by gastric H. felis infection. Infected p53 hemizygous mice displayed higher 
epithelial cell proliferation than wild-type controls at 12 months, but a later 
longer term study (Fox et al., 2002) did not confirm increased pathology in 
p53 hemizygous mice. Interestingly, H. felis infection in mice with a trun- 
cated Ape gene resulted in both decreased inflammation and epithelial cell 
proliferative responses (Fox et al., 1997) compared to wild-type mice. The 
reduced proliferative responses to H. felis in the mice with a truncated Ape 
gene are likely to relate to impaired inflammatory responses to infection. 

A number of studies have analysed alterations in host proteins of rele- 
vance to epithelial cell proliferation and apoptosis in H. pylori-infected ep- 
ithelial cells in vitro. Studying colonic T84 epithelial cells, Le'Negrate et al. 
@001) showed that H. pylori triggers apoptosis via a Fas-dependent pathway, 



which also depends on the expression of the cag PAL Activation of the nu- 
clear hormone transcription factor peroxisome proliferator-activated receptor 
y (PPARy ) suppresses H. pylori-induced apoptosis, which depends presum- 
ably on the ability of PPARy to inhibit H. pylori-induced activation of NF-/cB 
(Gupta etal, 2001). 

In human umbilical vein endothelial cells (HUVECs) a H. pylori water- 
soluble extract induced apoptosis and increased phosphorylation of the tu- 
mour suppressor p53. Elevated expression of the cell cycle inhibitor p21 and 
Baxwas also observed (Kurosawa etal., 2002). In neutrophils the H. pylori wa- 
ter extract inhibited apoptosis and upregulated expression of Bcl-X L , whereas 
caspases 8 and 3 were suppressed. The expression of Bax and Bak was up- 
regulated, and Bcl-2, Bcl-X L , and Mcl-1 downregulated during neutrophilic 
differentiation (Kim et al., 2001). In contrast, H. pylori induced caspases 3, 
7, and 8 and anti-apoptotic proteins c-IAPl and C-IAP2 in epithelial cells in 
a time-dependent manner, whereas Bax, Bak, and Bcl-X L were not changed 
(Maeda etal, 2002). 

In vitro studies have demonstrated that Cyclin Dl (Hirata et al., 2001) 

and c-Fos (Mitsuno et al., 2002) expression induced in H. pylori-infected 

£ epithelial cells is partly dependent on the cag PAI. Cyclin Dl regulates passage 
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55 through the Gi phase, and cyclin Dl over-expression shortens the Gi phase 



| and increases the rate of cellular proliferation. Activation of Cyclin Dl and c- 
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< Fos involves mitogen-activated protein kinase/extracellular signal-regulated 

kinase kinase (MEK) activity (Hirata et al., 2001; Mitsuno et al, 2002). 

g Viewing the effects of H. pylori on growth control, we see that expo- 

sure of epithelial cells to H. pylori alters cell proliferation rates and apoptosis 
in vitro and in vivo (Ebert et al., 2000; Xia and Talley, 2001). H. pylori is 
capable of inhibiting cell cycle progression and induces apoptosis in AGS 
cells, which is associated with a reduced expression of the cell cycle inhibitor 
p27 KiPi (shij-in et a i 2000). Other reports by Peek et al. ^997, 1999) show that 
H. pylori induces cell cycle progression and apoptosis, which do not affect 
the expression of p53 or the cell cycle inhibitor p21. Cyclin D3 is frequently 
detected in the antral mucosa of H. pylori-infected patients (Miehlke et al., 
2002), and Cyclin D2 overexpression, together with reduced p27 KIP1 expres- 
sion, are closely associated with H. pylori infection and intestinal metaplasia 
(Shirinetal., 2000; Yu etal., 2001). Mucosal expression of Cyclin Dl,p53, and 
p21 is significantly higher in patients with intestinal metaplasia (Polat et al., 
2002). In addition, expression of the intestine specific homeobox-gene Cdx2 
has also been observed in patients with chronic gastritis and is also closely 
associated with intestinal metaplasia (Satoh et al., 2002). Cdx2 plays an im- 
portant role in differentiation and maintenance of intestinal epithelial cells. 



Presumably, apoptosis in epithelial cells decreases but proliferation increases 
in the progression to neoplasia in the human gastric mucosa. The role of H. 
pylori virulence factors and the molecular mechanisms contributing to the 
malignant transformation in the gastric mucosa remain to be clarified. 

CONCLUSIONS 

Inflammation induced by microbial infection is likely to be a critical com- 
ponent in tumour development. Gastric cancer arises as a consequence of 
long-term H. pylori infection, chronic irritation, and inflammation. Perhaps 
the best evidence for the significance of inflammation during neoplastic pro- 
gression comes from the observation of reduced cancer risk among long- 
term users of aspirin and non-steroidal anti-inflammatory drugs (NSAIDs). 
The ability of NSAIDs to inhibit cyclo-oxygenases (COX-1 and -2) under- jjj 

lies their mechanism of chemoprevention. Activation of COX-2 expression n 

by H. pylori represents just one of several examples how this microorgan- §! 

ism contributes to processes of cellular dysregulation. Cancer is a multistep 3 

process, which involves alterations of a number of different factors includ- 3 

ing tumour-suppressor genes, dominant oncogenes, and receptor tyrosine § 

kinases (RTKs). Constitutive activation of EGFR and c-Met in cells of ag- 
gressive and invasive tumours has often been described. Downregulation 
of RTKs may be an applicable approach for the suppression of transform- 
ing signalling pathways, and offer novel potential targets for the treatment 
and/or prevention of malignancies. The recent development of a series of 
relatively specific receptor tyrosine kinase inhibitors, and their ability to in- 
hibit the proliferation of tumour cells, show that inhibition of deregulated 
receptor tyrosine kinases is often enough to slow proliferation and tumour 
progression. 

It is essential to deepen our understanding of receptor crosstalk in 
H. pylori-infected epithelium and its contribution to EGFR, Her2/Neu, and 
c-Met activation. Dysregulated cell motility and metastasis following inappro- 
priate c-Met activation involve collaborations with many other receptors and 
multiple signalling pathways. In addition, the study of signalling pathways by 
which EGFR, Her2/Neu, and c-Met expression and activity are regulated in 
H. pylori infection may identify promising therapeutic targets for anticancer 
drug development. In vitro studies have revealed a multitude of mechanisms 
by which Rho proteins can promote cell proliferation. In H. pylori-infected 
tissue the crucial pathways that link Rho proteins to tumorigenesis remain 
to be identified, although the stimulation of COX-2 activity by Rho is likely 
to be involved. To define Rho proteins or effectors, the next step will be 



to develop viable pharmacological or gene therapy agents to interfere with 
Rho-protein functions. The use of RNA interference (RNAi) to downregulate 
the expression of anti-apoptotic genes is a further potential therapeutic ap- 
proach. Matrix metalloproteases (MMPs) and metalloprotease-disintegrins 
(ADAMs) expression, which is increased by H. pylori, have a pivotal role in 
modifying the cellular microenvironment and neoplastic tumour progres- 
sion. It will be important in the future to characterise also the functions of 
these proteases, and identify the proteases involved in EGFRR transactivation 
and hyperproliferative epithelial responses. 
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CHAPTER 9 

Bacteria and cancer 

Christine P J Caygill and Michael J Hill 1 



It has been estimated that more than 80% of human cancers are caused by 
environmental factors, and so are potentially preventable (Higginson, 1968). 
Bacteria are in a unique position to mediate between the host and its external 
environment because they naturally colonise all external surfaces. In addition, 
bacterial infections expose the host to further interactions with bacteria. 

The role of the flora in protecting the host against infection has been well 
documented. The normal bacterial flora of the mouth protects against fungal 
infection; the normal flora of the intestine helps to protect against enteritis; 
the normal skin flora helps to protect against skin infection. 

Furthermore, the gut bacterial flora has an overwhelmingly beneficial 
role in assisting digestion and in detoxifying ingested compounds of ex- 
ogenous origin (Hill, 1995). However, there are situations where bacterial 
infection, which can be defined as bacteria being in the wrong place, can pro- 
duce carcinogens and is associated with local cancers (e.g., bladder infection, 
nitrosamines, and bladder cancer). In addition, there are situations where 
the normal flora, carrying out its normal metabolic activity, can be exposed 
to very high levels of a substrate resulting in toxic levels of the product (e.g., 
colon bacteria, bile acids, and colon cancer). 

In this chapter we will first discuss the types of carcinogens/mutagens 
that can be produced by bacterial action, and the situations in which this 
production might be significant. In addition, the gut bacteria release a wide 
range of anti-carcinogens from the diet as well, and these are discussed. In 
the final section the possible contribution of bacteria to the risk of cancer at 
specific sites, and the mechanism by which that might occur, are discussed. 

1 Deceased, to whom this article is dedicated. 



THE MECHANISMS INVOLVED IN CANCER 

A full description of the molecular mechanisms involved in carcinogenesis 
is beyond the scope of this chapter, but a brief description will be helpful 
for understanding how bacteria could impinge on the carcinogenic process. 
Much has been learned in the past 20 to 30 years that provides a general 
insight into carcinogenesis. 

It is now clear that mutation of key cellular genes enables the cell to 
escape the normal control checkpoints that regulate entry into the cell cycle 
and cellular growth. An integrated network of signalling pathways interpret 
signals, both soluble and from cell-cell interactions, arriving at cell surface re- 
ceptors. The net result is to control gene expression and activation of proteins 
involved in cell cycle regulation. Many of these signalling proteins, cell cycle 
regulation proteins, and proteins involved in programmed cell death (apop- 
tosis) are oncogenic when mutated, and are often found in mutant form in 
human cancers. 

Si There are various stages to carcinogenesis: initiation, whereby a muta- 

tion, either spontaneous or induced, in a relevant gene begins the process of 

2 loss of normal growth regulation; promotion, where this aberrant cell grows 
to produce a colony; and progression, where the aberrant cell acquires more 

3 mutations, becomes more deregulated, and is able to grow outside its normal 

3 cellular environment. These processes do not necessarily occur in this order, 

£ as increased growth (i.e., promotion) can provide an increased opportunity 

p for mutation, (i.e., initiation) to occur. 

3 Bacterial factors could impinge on this process either by the production 

x 

u of factors that are mutagenic and cause initiation, or by promoting growth in 

a number of ways (Lax and Thomas, 2002). 



BACTERIAL METABOLISM AND 
CARCINOGENS/ANTICARCINOGENS 

Interest in the ability of bacteria to produce carcinogens derived much of its 
impetus from the hypothesis that large bowel cancer was caused by a bacterial 
metabolite produced in situ in the colon from some benign substrate (Aries 
et al., 1969; Hill et al., 1971). In examining that hypothesis, a very wide range 
of metabolites was identified that were carcinogens/mutagens/modulators 
of carcinogenesis. These have been summarised by Hill (1986), and will be 
described briefly below. 

At the time of that review, most interest was in the possible factors 
that caused cancer. However, later it was realised that the production of 



u 
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anticarcinogens might be much more important, and so the second half of 
this section concerns those compounds. 



CARCINOGENS/MUTAGENS/PROMOTERS 

Microbes produce carcinogens/mutagens/tumour promoters by three main 
routes, namely (1) de novo, (2) by metabolism of exogenous substrates, or 
(3) by release from their glycoside conjugates. 

De Novo Synthesis 

The carcinogens/mutagens produced de novo by microbes that are best char- 
acterised are the mycotoxins to which humans may be exposed as food con- 
taminants or as therapeutic agents. > 

The best example is the anatoxin (Wogan, 1973), produced by Aspergillus 
spp, which commonly contaminate foods (such as peanuts, beans, or maize) 



been shown to be potent carcinogens in a wide range of animal species, 
where they normally cause hepatocellular carcinomas. In humans, there is 
strong epidemiological evidence relating aflatoxin exposure in Hepatitis B 
virus carriers to hepatic carcinoma risk in a number of African and Asian 
countries (see section on liver cancer). 

Fusarium toxins are produced by a wide range of field fungi belong- 
ing to Fusarium spp. (Schoental, 1979). These toxins have been shown to be 
gastrointestinal carcinogens in a number of animal species, and have been 
implicated (Schoental, 1979) in human gastrointestinal tract cancers. How- 
ever, there have been no long-term follow-up studies of patients known to be 
exposed to fusarium toxin. 

There are a number of carcinogenic mycotoxins that are useful anti- 
cancer therapeutic agents (e.g., mitomycin C, adriamycin) or antimicrobial 
agents (e.g., actinomycin, azaserine, griseofulvin). The chemotherapeutic 
agents are used only for late-stage cancers, in whom the risk of any long- 
term carcinogenicity is unimportant. 

Production by Metabolism of Exogenous 
or Endogenous Substrates 

Some of the products of bacterial metabolism of exogenous substrates with 
carcinogenic or mutagenic properties are listed in Table 9.1. 
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that are improperly stored. They are a particular problem in tropical areas u 

where the climate is very suitable for fungal survival and growth. They have jg 



Table 9.1 Carcinogens/promoters produced by gut bacteria from dietary 
substrates 





Substrate 


Product 


Action 




Protein 








• Tyrosine 


Volatile phenols 


Promoters 




• Tryptophan 


Various metabolites 






• Basic amino acids 


Cyclic secondary amines 
r N-nitroso compounds 






• Methionine 


ethionine 


Carcinogens 


~\ 


Fat 






3 


• Lecithin 


Dimethylamine r N-nitroso 


Carcinogen 




• Primary bile salts 


Secondary bile acids 


Promoters 


X 


Carbohydrate 






J 


• Sugars 


Fermentation to butyrate 




< 


• Lignin 


Lignans 


Protection 


u 

s 


Glycosides 









• Plant glycosides 


Flavonoids 


Protective 


< 




Polyphenolic compounds 




3 




Tannins 




u 


• Cycasin 


Anthocyanins 


Carcinogen 


2 




Methylazoxymethanol 




H 
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Amino Acid Metabolites 





Carcinogenic metabolites can be metabolised from a number of amino acids 
including tryptophan, tyrosine, and methionine (Hill, 1986; 1995). Trypto- 
phan can be metabolised by bacteria to yield a range of products that have 
been associated with the risk of human bladder cancer (Bryan, 1971). Ty- 
rosine is metabolised to a range of volatile phenols that are excreted in the 
urine, but have been shown to be rumour promoters in rodents. Methion- 
ine is metabolised to its S-ethyl analogue, ethionine, which is a potent liver 
carcinogen in animals. Furthermore, the basic amino acids lysine, arginine, 
and ornithine can be metabolised to cyclic secondary amines which can be 
nitrosated to produce highly carcinogenic N-nitrosamines 



A/-Nitroso Compounds (NNC) 

The NNC are a class of potent carcinogens that have proved to be carcinogenic 
in all of the animal species in which they have been tested. In consequence, al- 
though there is no unambiguous proof that they are carcinogenic in humans, 
there is no good reason to believe that humans are uniquely resistant. The 



Table 9.2 Sites in the human body where bacterial synthesis ofN Nitroso 
compounds (NNC) has been demonstrated. For references see Hill (I 996) 



Body site 



Comments 



Saliva 

Normal Acid stomach 

Achlorhydric stomach 

Infected urinary bladder 

Bilharzia 

Colon in urine diversion 

Infected cervix 



In vitro incubation 

Acid catalysed reaction; salivary nitrite and 

endogenous nitrogen compounds 
Bacterially catalysed formation from dietary nitrate 

and endogenous nitrogen compounds 
Infecting organisms catalyses NNC formation from 

urinary substrates 
Mixed bacterial infection catalyses formation of 

much greater amounts of NNC 
Profuse mixed bacterial population of the colon, and 

the high levels of nitrate and nitrosatable amine in 

urine result in very high NNC production. 
Nitrate is secreted into the cervix; which is a rich 

source of amines and has a rich mixed bacterial 

flora. 



carcinogenicity of the NNC has been reviewed regularly (e.g., Magee, 1996); 
the NNC can be divided into N-nitrosamines and N-nitrosamides (which in- 
cludes N-nitrosureas and N-nitrosguanidine). Whereas these latter are pow- 
erful locally acting carcinogens, the N-nitrosamines are target-organ specific, 
the target varying between animal species (Magee and Barnes, 1967). 

NNC are formed by the action of nitrous acid on a suitable secondary 
nitrogen compound. This reaction can occur chemically with an optimum 
pH of 2, and can also be catalysed by bacterial enzymes at neutral pH values. 
NNC can therefore be formed anywhere in the body where bacteria, nitrate 
or nitrite, and a suitable nitrosatable amine occur. Their production has been 
demonstrated (Hill, 1996) in saliva, gastric juice, infected urine, the colon, 
and the infected cervix (Table 9.2), and they have been implicated in local 
carcinogenesis at most of those sites. 



Bile Acid Metabolites 

Bile acids play an important role in fat digestion. The bile acids synfhesised 
by the liver are cholic and chenodeoxycholic acids (both of which are non- 
toxic to the mucosa), and these are secreted in the bile as their glycine or 
taurine conjugates. These bile conjugates then act to emulsify dietary fat and 
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aid its absorption from the small bowel. They remain in the lumen of the 
small bowel but are absorbed by an active transport mechanism from the 
terminal ileum and returned to the liver. This entero-hepatic circulation is a 
very efficient recovery system, with only 1-5% of the pool being lost to the 
colon with each circulation. However, on a high fat diet there is an increased 
rate of entero-hepatic circulation of the bile acid pool, and about 800 mg of 
bile acid enters the colon each day of which about 500 mg is lost per day in 
faeces. 

The bile conjugates undergo extensive metabolism by the gut bacteria 
in the colon; the principal reactions are deconjugation to release the free 
bile acids (which can then be passively absorbed from the colon), and 7- 
dehydroxylation to release deoxycholic and lithocholic acids from cholic and 
chenodeoxycholic acids respectively. There is a considerable body of literature 
to demonstrate that these two "secondary bile acids" can be mutagenic, co- 
mutagenic, or tumour promoting (Hill, 1986). 

Release of Carcinogens/Mutagens from Their Glycoside 
Conjugates 



& Two groups of substrates are of interest under this heading. The first is the 

<: glucuronide conjugates of polycyclic aromatic hydrocarbon (PAH) carcino- 

£■ gens, and the second is the plant glucosides. 

£ There is continuous environmental exposure to hydrocarbon carcino- 

gens such as the PAH. These are detoxified by the liver by hydroxylation, 

K then conjugated with glucuronic acid and secreted in bile for excretion. These 

conjugates are hydrolysed by bacterial beta glucuronidase, and although 
the hydroxy-PAH aglycone is non-carcinogenic, there is a carcinogenic 
high-energy intermediate formed during the hydrolysis step (Kinoshita and 
Gelboin, 1978). 

A wide range of plant products with pharmacological activity are present 
in the form of mainly harmless inactive beta glucosides. These include the 
cathartic glucosides (e.g., senna, cascara), the cardioactive glucosides (e.g., 
lanatoside C), the cyanogenetic glucosides (e.g., amygdalin) and the carcino- 
genic glucosides (e.g., cycasin). Cycasin is non-toxic in germ-free rodents; 
it is the beta glucoside of methylazoxymethanol, and the aglycone, released 
by bacterial beta glucosidase, is highly hepatotoxic and carcinogenic. The 
carcinogenicity of cycasin was reviewed by Laqueur and Spatz (1968), and 
cycasin is widely used as a colon carcinogen in animal models. 

There is a wide range in the activity of the two glycosidases as produced 
by different genera of gut bacteria (Table 9.3). However, because of their 



Table 9.3 Activity of ^-glucuronidase and /3-glucosidase produced 
by various genera of gut bacteria (Hill, 1 986) 

Enzyme activity (moles substrate degraded 
per hour per 10 8 cells; mean of 50 strains) 



Organisms 


/S - glucuronidas e 


/J-glucosidase 


Escherichia coli 


24.7 ± 2.1 


5.8 ±2.5 


Streptococcus faecalis 


2.9 ± 0.6 


192.7 ±19.5 


Lactobacillus spp 


1.6 ±0.2 


26.0 ± 7.4 


Clostridium spp 


11.3 ±2.3 


22.1 ±5.0 


Bacteroides spp 


6.0 ±3.5 


35.1 ±4.8 


Bifidobacterium spp 


1.9 ±0.8 


29.3 ± 6.0 



numerical predominance in the gut flora, in practice only the enzyme activi- > 

> 
ties of the Bacteroides spp and the Bifidobacterium spp contribute in vivo. g 

9 

2 
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ANTI-CARCINOGENS * 

Although in early studies attention was focussed almost exclusively on the 
production or release of carcinogens by bacterial action, the production 
or release of anti-carcinogens may be equally important. Plants produce a 
wide range of anutrients with anti-carcinogenic properties (Johnson et al., 
1994). These include flavonoids, flavonols, isoflavones, polyphenolics, tan- 
nins, isothiocyanates, etc. Most of these are present in the plant in the glu- 
coside form, and so would need the action of bacterial beta glucosidase to 
release the active component. 

Intakes of most of the plant anti-carcinogens have yet to be correlated 
with any particular cancer site. However, the phytoestrogens, a group of 
naturally occurring compounds with estrogenic properties found in plant 
foods, have been implicated in protection against breast and prostate cancer. 
They can be divided into a number of classes, the principal of which are the 
isoflavones, the coumestans, and the lignans. The phytoestrogens include 
genistein, which is known to interfere with cellular signalling by inhibiting 
tyrosine phosphorylation of proteins. 

The lignans are a class of phenolic compounds related to the polyphenolic 
plant structural compounds, the lignins. Whereas the lignins are insoluble 
very high molecular weight structural polymers, the lignans are relatively 
low molecular weight and highly water soluble. The isoflavones are virtually 
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found only in legumes (and particularly soya), but the lignans are found in 
almost all cereals and vegetables, with the highest concentrations found in 
oilseeds. Like many plant anutrients of interest, they are usually present in 
plant foods as their glycosides. Like the related lignins, the lignans have no 
nutritive value to humans and until the last 25 years were largely ignored. 
Many have been shown to have an anti-mitotic action. Most importantly for 
this chapter, the lignans in human urine are not aglycones of plant lignans 
but are produced in the colon by bacterial action on dietary precursors, then 
absorbed from the colon and excreted in the urine (Adlercreutz, 1984). The 
urinary concentrations can be greatly decreased by the action of antibiotics. 
Insertion of a biliary fistula showed that the lignans undergo enterohepatic 
circulation. Their concentration in urine is increased with increasing intake of 
dietary fibre and of whole-grain foods, and decreased by increasing tobacco 
consumption. They are weak estrogens, able to bind to oestrogen binding 
sites, particularly the ER-beta sites. 

There has been a growing interest in the study of these compounds 

in recent years because consumption of foods rich in phytoestrogens has 

been vigorously advocated for the prevention of breast, prostate, and colon 

< cancer. The incidence of all three cancers is lower in Asia than in Western 

& countries; the intakes of phytoestrogens in general (and lignans in particu- 

5: lar) is much higher in Asian populations than in those living in the West 

£■ (Adlercreutz, 1998, 2002). The principal lignans in human urine are entero- 

£ diol and enterolactone; the concentration of both is higher in the urine of 

Asian populations (with a low incidence of the cancers of interest) than of 

K European populations. The intake of the main food sources of lignans, the 

whole grain cereals, is inversely related to risk of cancer at a number of sites, 

including the breast, prostate, and colon (La Vecchia and Chatenoud. 1998), 

although other lifestyle factors could also be responsible for the differences. 



BACTERIAL INFECTIONS AND CANCER 

Cancers of the Urinary Tract 

Bladder cancer has long been known to be associated with industrial expo- 
sures to naphthylamines, benzidine, and a range of aromatic amines. This 
was the reason why the vast majority of cases arose in males in industri- 
alised countries. However, a proportion of cases is not of industrial origin. 
Early anecdotal evidence suggested an excess risk of bladder cancer follow- 
ing chronic bladder infection. Radomski et al. (1978) confirmed an associa- 
tion between chronic simple urinary tract infection and subsequent bladder 
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cancer. Bladder infections are very common, and often asymptomatic 
(Sinclair and Tuxford, 1971); the data on cancer risk reported by Radomski 
et al. (1978) concerns chronic symptomatic infection resistant to therapy, but 
many of his controls might have had asymptomatic bladder infections and 
so the magnitude of the excess risk would have been underestimated. 

There is copious evidence that carcinogenic N-nitroso compounds (NNC) 
are produced in situ in the bladder by infecting organisms; this is to be ex- 
pected because the urine is the route of excretion of the substrates for NNC 
production - nitrate and nitrosatable amines. Radomski et al. (1978) sug- 
gested that these NNC were the cause of the cancer. 

Bilharzial infection is a major risk factor for bladder cancer, and such 
infections are accompanied by a profuse secondary bacterial infection of the 
bladder. Hicks et al. (1977) showed strong evidence that the bladder cancer 
associated with bilharzial infection was due to the NNC produced by the > 

secondary bacterial infection. They also produced evidence that the excess m 

risk of bladder cancer in paraplegia was due to the same mechanism - NNC > 

produced by a chronic bacterial infection of the bladder. § 

Recently it has been shown that what were thought to be recurrent blad- > 

der infections by Escherichia coli are in fact chronic infections (Mulvey et al., 8 

2001). The majority of bacterial isolates from the urinary tract are E. coli, 
including from cases of prostatitis (Andreu et al., 1997). Most such isolates 
express the cytotoxic necrotizing toxin (CNF) that stimulates the important 
signalling protein Rho (see Chapter 3). CNF has been shown to be important 
for pathogenesis in the urinary tract (Rippere-Lampe et al., 2001a; 2001b); 
the presence of CNF can lead to activation of the enzyme Cyclooxygenase-2 
(COX-2) (Thomas et al., 2001). Numerous studies have implicated COX-2 
in both the initiation and progression of various cancers (Liu et al., 
2001). 

It has also been shown that a history of urinary tract infection increases 
the risk of renal cancers (Parker et al., 2004), so it is possible that several 
different types of urinary tract cancers could have in part a bacterial cause. 

Gastric Cancer 

In 1975 Correa et al. proposed a hypothesis for the sequence of events that 
led from the normal to the neoplastic stomach (Figure 9.1). Although this se- 
quence has since been added to and changed the essential hypothesis remains 
the same (Figure 9.1), and there are two types of bacterial contamination that 
may play a role; one is infection with Helicobacter pylori and the other is 
chronic bacterial overgrowth as a result of hypochlohydria of the stomach. 
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Figure 9.1. The pathogenesis of gastric cancer. 



Helicobacter pylori Infection 

H. pylori infection is associated with low socioeconomic status and crowded 
living conditions, especially in childhood (Malaty and Graham, 1994). World- 
wide, about half the population are infected (Smith and Parsonnet, 1998), 
with most children in developing countries being infected by the age of 10. 
In contrast, in developed countries, infection in children is uncommon and 
only 40-50% of adults are affected. There is a clear age-related increase in 
prevalence that is probably due to a cohort effect in that H. pylori infection 
in childhood was more common in the past than it is today (Parsonnet et al., 
1992; Banatvala et al., 1993). The route of transmission of H. pylori remains 
controversial, with circumstantial evidence suggesting that it probably occurs 
through person-to-person transmission. 

There have been a number of studies comparing rates of H. pylori infec- 
tion in different populations with rates of gastric cancer in the same popula- 
tions (Forman et al., 1990; Eurogast Study Group, 1993). These have mostly 
correlated well, as has the decline in gastric cancer rate over time with the 
decline in H. pylori incidence (Parsonnet et al., 1992; Banatvala et al., 1993). 

As cancerous stomachs may lose their ability to harbour H. pylori (Osawa 
et al., 1996), retrospective studies have to be viewed with caution. However, 



two meta-analyses of all case-control studies (Huang et al., 1998; Eslick and 
Talley, 1998) indicate a 2-fold increase in the risk of gastric cancer in instances 
of H. pylori infection. 

More concrete evidence for a link has come from prospective case-control 
studies in which stored serum from populations was used and infection was 
known to precede malignancy (Parsonnet et al., 1991; Forman et al., 1991; Lin 
et al., 1995; Siman et al., 1997). It has also been shown that in those followed 
up for more than 10 years the risk of gastric cancer was increased 8-fold in 
those infected with H. pylori (Forman et al., 1994). 

A more detailed discussion of the potential mechanisms involved in 
H. pylori carcinogenesis is given in Chapter 8 by Naumann and Crabtree. 

Chronic Bacterial Overgrowth of the Stomach 

Chronic bacterial overgrowth of the stomach occurs when the normally acid > 

pH of the stomach (pH 2) rises on a permanent basis to pH 4.5 or above. w 

This occurs as part of the ageing process, but also in a number of pathological > 

conditions, such as pernicious anaemia (PA), and in people who have had § 

surgery for peptic ulcer. > 

PA is caused by a lack of intrinsic factor, which is accompanied by a 8 

failure to secrete gastric acid. Indeed, hypochlorhydria is a symptom in the 
recognition and diagnosis of the disease. 

Surgical treatment of peptic ulcer was directed towards decreasing gastric 
acid secretion, whether by gastrectomy, where most of the lower part of the 
stomach was removed by a variety of procedures, or vagotomy, where the vagal 
nerves which control acid secretion were severed. Each of these procedures 
resulted in loss of gastric acidity within a year, and in each case there was an 
increased risk of gastric cancer (Caygill et al., 1984). 

A number of authors (Blackburn et al., 1968; Brinton et al., 1989) have 
reported an increased risk of gastric cancer in PA patients. In our study 
(Caygill et al., 1990), we found a 5-fold excess risk of gastric cancer in PA 
patients, but it was not possible to establish an accurate latency period as 
the onset of PA could not be ascertained accurately for a sufficient number. 
However, we were able to divide up the period after diagnosis into 0-19 years 
and 20+ years and found that the excess risk of gastric cancer was 4-fold in 
the first time period and 11 -fold in the second time period. 

There have been a number of studies showing an increased risk of gastric 
cancer in those who have had a gastrectomy for benign disease, and these 
are summarised in Table 9.4 (from the review by Caygill and Hill, 1992). In 
our own study (Caygill et al., 1986), we analysed cancer risk by time interval 
for those who had had a gastrectomy for gastric ulcer (GU) separately from 



Table 9.4 Gastric cancer following surgery for peptic ulcer 







Size of study 




Excess risk & latency/ 




Reference: 


population 


Type of Study 


follow-up period 




Stalsberg and Taksdal 


630 


Case-control 


4-fold after 15 years 




(1971) 










Ross et al. (1982) 


779 


Cohort 


None over 19 years 




Sandler et al. (1984) 


521 


Case-control 


None over 20-year 
follow-up 


3 


Watt et al. (1984) 


735 


Cohort 


3-fold after 15 years 
over a 15-25 year 
follow-up 




Tokudome et al. 


3827 


Cohort 


None over 10-30 years 




(1984) 






follow-up 


n 


Caygill et al. (1986) 


4466 


Cohort 


4-fold after 20 years 


--: 

X 
u 


Viste et al. (1986) 


3470 


Cohort 


3-fold after 20 years 


Arnthorsson et al. 


1795 


Cohort 


2-fold after 15 years 





(1988) 








< 


Lundegardh et al. 


6459 


Cohort 


3-fold after 30 years 




(1988) 








1 


Toftgaard (1989) 


4131 


Cohort 


2-fold after 25 years 


£< 


Offerhaus et al. (1988) 


2633 


Cohort 


5-fold after 15 years in 


z 








females, 3 fold after 


H 
1/1 








25 years in males 


s 

X 
u 


Caygill et al. (1991) 


1643 


Cohort 


1.6-fold over 20 years 



those who had the operation for duodenal ulcer (DU). We found that in the 
case of DU there was a decrease in risk in the first 19 years, followed by an 
increase in risk thereafter. In contrast, in the GU patients there was a 3-fold 
increase in risk immediately after, and presumably prior to surgery, and this 
rose to over 5-fold 20 or more years after surgery. The pattern of an initial 
decrease in risk in those operated for DU has been confirmed by Arnthorsson 
et al. (1988), Moller and Toftgaard (1991), Lundegardh (1988) and Eide et al. 
(1991). This difference in behaviour between DU and GU patients needs to 
be rationalised. Prior to surgery DU patients have good acid secretion and 
the effect of surgery is to render them hypoacidic. Many GU patients on the 
other hand are often hypoacidic for a number of years prior to the operation. 
The histopathological sequence (Figure 9.1) from the normal to the neo- 
plastic stomach, suggested and reviewed by Correa (1988), has been generally 
accepted. Correa et al. (1975) postulated that the first stage, gastric atrophy, 



progresses to chronic atrophic gastritis. This carries an increased risk of 
development of intestinal metaplasia, with consequent increased risk of in- 
creasingly severe dysplasia and finally carcinoma. Gastric atrophy results in 
the loss of gastric acid secretion, which allows bacterial proliferation. The bac- 
teria then react with nitrate, present in many foods and also in drinking water, 
to convert it to nitrite, which in turn is converted to carcinogenic N-nitroso 
compounds. The latter potent carcinogens were postulated as the cause of the 
progression through intestinal metaplasia and increasingly severe dysplasia 
to cancer. If this hypothesis is correct, then the loss of gastric acidity, with 
consequent chronic bacterial overgrowth from any cause (surgical, metabolic, 
clinical, genetic, or environmental) should, after a latency period of 20 years 
or more, lead to an increased risk of gastric cancer. Indeed, this has also been 
shown to be the case in PA patients, post-gastrectomy patients, and those 
undergoing vagotomy (Caygill et al., 1991). The above hypothesis explains > 

the difference in cancer risk in those operated on for a GU and a DU. As a m 

result of their hypoacidity prior to operation, the GU patients will have had > 

bacterial overgrowth for variable lengths of time that would contribute to the § 

latency period, whereas those with DU would have become hypochlorhydric > 

only after their operation and the increase in their risk would start to manifest 8 

itself only 20 years later. 

Colorectal Cancer 

Large bowel carcinogenesis is a multistage process with at least three dis- 
tinct histological stages (Hill and Morson, 1978; Hill, 1991; Hill et al, 2001). 
These are (a) adenoma formation, (b) adenoma growth, and (c) increasingly 
severe dysplasia to malignancy and potential or actual metastatic disease. 
The evidence for the dysplasia-carcinoma sequence (formerly known as 
the adenoma-carcinoma sequence) was reviewed by Morson (1974) and by 
Morson et al. (1983). The steps in this pathway are distinct (Figure 9.2), and 
have different controlling factors. 

Adenoma formation is an extremely common event in Western popu- 
lations, and postmortem studies show their prevalence to be approximately 
50% in men and 30% in women by age 70. The vast majority of these are 
tiny, and are presumably not seen at endoscopy. They remain tiny and asymp- 
tomatic and therefore are normally detected only at postmortem. The risk of 
finding a malignant component in a tiny adenoma is very low (less that 
1 per 1000 for adenomas less than 3 mm diameter), whereas it is high 
in adenomas greater than 20 mm diameter (Morson et al., 1983). Clearly, 
therefore, adenoma growth is an important step on the adenoma-carcinoma 
sequence. 
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Figure 9.2. The hypothesised mechanism of colorectal carcinogenesis based on that 
proposed by Hill and Morson (1978). 



There are differences in epidemiology between small adenomas, large 
adenomas, and colorectal cancers. One of the most crucial differences is the 
differing subsite distribution. In a very large number of postmortem studies 
(Hill, 1986), small adenomas have been shown to be evenly distributed around 
the colorectum, suggesting that the causal agents are delivered via the vascular 
system, or have a genetic cause. In contrast, large adenomas and cancers are 
concentrated in the distal colon and rectum. This is consistent with, but does 
not prove, the hypothesis that the factors causing adenomas to increase in 
size and in severity of epithelial dysplasia are luminal products of bacterial 
metabolism; this view is supported by the fact that adenomas regress after 
diversion of the faecal stream. 

The colon lumen is a rich source of potential carcinogens, produced in situ 
by bacterial action on benign substrates (Table 9.1). We were not able to find 
evidence associating the risk of colon cancer with the faecal concentrations > 

of the amino acid metabolites, and the best evidence suggests a role for a 

secondary bile acids (Table 9.5) in the adenoma growth stage (Hill, 1991). > 

This evidence comes from comparisons of populations with colon cancer § 

risk, case control studies, and studies of high-risk patient groups. > 

There were two major groups of high-risk patients. The adenoma patients 8 

were part of a follow-up study, and were followed for 10 years. There was 
no relation between bile acids and the rate of formation of new adenomas, 
showing that bile acids have no role in adenoma formation. However there 
was a good correlation with the size of the largest adenoma, supporting the 
hypothesis that bile acids are implicated in adenoma growth. The colitics had 
all been patients for more than 10 years and had been offered a colectomy. 
They opted instead to join a follow-up clinic, and were followed for a further 
10 years. During that time dysplasia (analogous to adenoma formation) was 
detected in 44 out of 112 patients. Although there was no relation between 
bile acid concentration and formation of dysplasia per se, there was a good 
correlation with the severity of dysplasia. 

In addition, there is a mass of supporting evidence from animal model 
studies (Reddy, 1992). The evidence that bile acids are tumour promoters or 
mutagens or co-mutagens is summarised in Table 9.2. 

Gallbladder Cancer 

Cancer of the gallbladder is rare in Western countries, but is most frequent 
in the Andean countries of South and Central America and in American 
Indian groups (Devor, 1982) and in some parts of India (Shukla et al., 2000). 
It has a poor prognosis. The aetiology is not well understood, but known risk 



Table 9.5 The evidence implicating faecal bile acid (FBA) concentration in 
colorectal cancer (CRC) risk (Hill, 1991) 



Study type 



Observation 



1. Comparison of populations 
2 Case-control studies 

3. Diet studies 

4. Animal diet studies 

5. Patient groups 

6. Bile acid binding sites 

7. In vitro studies 

8. Mucosal toxicity 



In ten studies of populations, the FBA 

concentration correlated with CRC risk 
In some, but not all, case control studies, the 

FBA concentration was higher in CRC cases 

than in controls. 
Diet factors that decrease risk of CRC (e.g., 

cereal fibre) also decrease FBA concentration 
Diet manipulations that increase CRC risk 

increase FBA concentration and vice versa. 
Surgical treatments that increase CRC risk 

(e.g., partial gastrectomy, cholecystectomy) 

also increase FBA concentration. 
Bile acid binding sites were detected in 31% of 

CRC patients and less than 2% of controls. 
Bile acids are tumour promoters in animal 

models and co-mutagenic in microbial 

mutagenesis assays. 
Bile acids cause dysplastic changes in the 

rodent colon. 



factors are gallstones, Polya partial gastrectomy, and chronic infection with 
Salmonella typhi/paratyphi for peptic ulcer. One feature common to all these 
risk factors is the association with bacterial infection. 

Devor (1982) reviewed 69 reports of series of gallbladder cancer cases. Of 
these 59 reports (4184 cases) had details of gallstone status, and of these 77% 
were associated with gallstone carriage. The nature of this association is not 
clear, but it is known that gallstones are associated with bacterial infection of 
the gallbladder (England and Rosenblatt, 1977). 

The aim of Polya partial gastrectomy for peptic ulcer disease is to de- 
crease acid secretion into the stomach. This is achieved by removal of most 
of the lower part (including much of the acid-secreting section) of the stom- 
ach and results in the stomach becoming hyperchlorhydric with a pH of 
about 4.5. This is a perfect milieu for bacterial overgrowth and formation of 
JV-Nitroso compounds (see p. 202), which have been shown to be carcinogenic 



in all species in which they have been studied. Polya partial gastrectomy is as- 
sociated with a 10-fold excess risk of gallbladder cancer with a 20-year latency 
period (Caygill et al., 1988). 

There is a growing body of evidence that typhoid carriers are at an in- 
creased risk of biliary tract cancer. The largest study reported to date is a 
case-control study of 471 carriers registered by the New York City Health 
Department and 942 age- and sex-matched controls. It showed that chronic 
carriers were six times as liable to die of hepatobiliary cancer as controls 
(Welton, 1979) and this has been confirmed by others (Mellemgaard and 
Gaarslev, 1988; Caygill et al., 1994; Nath et al, 1997). 

We investigated the long-term cancer risk in two cohorts - one a cohort 

of 386 acute typhoid cases from a single outbreak and the other 83 typhoid 

carriers from a number of different outbreaks (Caygill et al., 1994; Caygill 

et al., 1995). Tables 9.6 and 9.7 show cancer risk in the two cohorts. In the > 

case of acute infection in the 1964 Aberdeen outbreak, there was no excess m 

5 
risk from cancer of the gallbladder, nor indeed from any other cancer, but in > 

the cohort with chronic infection there was an almost 200-fold excess risk of § 

cancer of the gallbladder. > 

There is no doubt that gallbladder cancer has a multifactorial aetiology, 8 

which may well differ according to the individual's environmental exposure. 

One important aspect of this appears to be exposure to chronic bacterial 

infection of the gallbladder. 



Oesophageal Cancer 

Although H. pylori infection is accepted as a risk factor in gastric cancer, 
its role in oesophageal cancer is less well established. Siman et al. (2001) 
found that infection with H. pylori was associated with a decreased risk 
of oesophageal malignancy, the protective effect being more pronounced 
for oesophageal adenocarcinoma (odds ratio 0.16) than for squamous cell 
carcinoma (odds ratio 0.41). In a case control study (22 resection patients 
with adenocarcinoma compared to 22 age- and sex-matched resection patients 
with squamous cell carcinoma), H. pylori was seen in one adenocarcinoma 
case and five squamous cell cancer controls (Cameron et al., 2002). 

Adenocarcinoma of the oesophagus results from persistent gastroe- 
sophageal reflux disease, particularly Barrett's oesophagus, and an increase 
in this condition in the United States and Europe is concomitant with a de- 
cline in the prevalence of infection with H. pylori in these populations. This 
and the effect of therapy are discussed in two reviews by Sharma (2001) and 
Koop (2002). 
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Lung Cancer 

There have been numerous reviews of the association between tuberculosis 
(TB) and subsequent lung cancer. Before 1950, most TB patients died at a 
young age, before their risk of lung cancer became manifest. In consequence, 
therefore, the co-existence of the two diseases was rare. Indeed, as a result of 
early studies there was a theory (Rokitansky, 1854) that the two diseases were 
antagonistic. The association was not manifest, therefore, until TB treatment 
regimes were sufficiently successful to give the patient a reasonable life ex- 
pectancy. Aoki (1993) reviewed the epidemiological studies between 1960 and 
1990 and confirmed that patients with active pulmonary tuberculosis have an 
excess risk of dying of lung cancer, despite their already high mortality from 
tuberculosis. The excess was 5-10 fold depending on age, and was greater in 
women that in men. Patients with active disease were the most likely to de- 
" velop lung cancer, but he also found that TB cases had excess risks of cancers 

^ at other sites (e.g., colon, lymphoma, myeloma). 

S The mechanism for the association is not clear. It has been shown that 

a mycobacterial products stimulate protein kinase C (Sueoka et al., 1995), a sig- 

g nailing molecule activated by the tumour-promoting phorbol esters, and this 

rf might contribute to carcinogenesis. In animal studies, attempts to stimulate 

3 the immune surveillance system with BCG resulted in increased, rather than 

u decreased, cancer risks (Martin et al., 1977), and this could be a reason for 

£ the increased risk of cancer at distant sites seen by Aoki (1993). 

a 

H 
in 

3 Pancreatic Cancer 

x 

u 

The two circumstances where cancer of the pancreas is linked with bacterial 

infection are typhoid carriage and 20 years after surgery for peptic ulcer. 

N-Nitroso compounds can be formed in any situation where nitrite and 

nitrosatable amines are present together. Surgery for peptic ulcer results in 

gastric hypochlorhydria with resultant bacterial overgrowth. These bacteria 

react with ingested nitrates in food and convert them to nitrites. These are 

highly reactive compounds that can combine with nitrosatable amines, also 

present in food, and form a range of nitrosamines (see p. 202). Nitrosamines 

have been found to be carcinogenic in a number of animal species (Magee 

and Barnes, 1967). They are both species- and target-organ-specific and there 

is no reason to believe that humans are uniquely immune from their action. 

This could well be the explanation for the finding of an excess risk for cancer 

of the pancreas after surgery for peptic ulcer, the excess risk being greater 

in GU than in DU patients (Caygill et al., 1987; Mack et al., 1986; Eide et al, 

1991;TersmetteetaL, 1990; Rossetal, 1982). It must be noted, however, that 



others found no excess risk in patients operated on for peptic ulcer (Moller 
and Toftgaard, 1991; Inokuchi et al, 1984; Watt et al, 1984). 

Caygill et al. (1994) found a large excess (23-fold) in cancer of the pancreas 
in male typhoid carriers, though not in acute cases of typhoid who did not 
become carriers. The mechanism is uncertain, but pancreatic cancer has been 
associated with bile reflux from the common bile duct (Wynder et al., 1975). 

CONCLUSIONS 

The role for bacteria in human carcinogenesis is still largely hypothetical, 
although some bacteria have clearly been shown to promote carcinogenesis, 
most notably H. pylori. However, the molecular mechanisms involved in 
bacterially induced cancer remain largely unclear. For a convincing proof of 
the association between bacteria and cancer, it would be necessary to show > 

all of the following: m 

5 
> 

(1) bacteria are able to produce metabolites, or specific products, that can >, 

influence either the initiation of carcinogenesis, or the rate of its n 

> 
progression to cancer; and z 

(2) bacteria actually produce these metabolites in vivo; and s° 

(3) epidemiology indicates that there is an association between the risk of 
the cancer and the amounts of bacterial metabolite that is not 
coincidental and could be causal. 

There is clear and indisputable evidence for the first two factors. There is 
good evidence for the last one, which is stronger for some sites (e.g., bladder) 
than for others. If the hypothesis could be proved for a particular cancer site, 
it could have important consequences for the prevention of such cancers. 
Although this topic has been controversial for over a century, the recent in- 
creased interest in this area suggests that a more profound understanding of 
the interactions involved in bacterially induced cancer will become apparent 
within the next few years. 
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CHAPTER 10 

What is there still to learn about 
bacterial toxins? 

Alistair J Lax 



The concept that bacteria are rather simple organisms that interact with eu- 
karyotic cells in a passive manner is now totally untenable, as more evidence 
emerges of active interaction and reaction between bacteria and host. It is 
also becoming clear that bacterial toxins do not merely operate as molecules 
of death for a cell. Toxin action may ultimately result in cell death, and indeed 
death of the host organism, but often the producer bacterium requires that the 
host cell is first organised in a particular manner. In these circumstances, the 
toxins sent out by the bacterium on its "behalf" have a mission to regulate 
the target cell in a very precise manner. Not much is known about the eu- 
karyotic mechanisms that exist to control rather then kill bacteria, but such 
mechanisms must exist to regulate the homeostatic balance between a eu- 
karyotic host and its commensal bacteria. Furthermore, a host weakened by 
diseases leading to immunodeficiency, such as HIV/ AIDS, stress, or malnu- 
trition, is more susceptible to infection - both by bacteria normally classified 
as pathogenic, but also by commensal bacteria, which in the circumstances 
are named as opportunistic pathogens. 

Much more is known about the mechanisms that bacteria use to regulate 
cellular function. Many of these mechanisms have been described in detail 
in the chapters in this book. Several common themes are appearing. The 
most frequent targets for such toxins are intracellular proteins involved in 
the signal transduction pathways that integrate incoming signals at the cell 
surface. These signalling systems normally lead to an output in terms of cell 
death, differentiation, or cell growth and division. 

Many of these interactions involve proteins of the Rho family. The cen- 
tral role of the Rho protein family in controlling cell shape, motility, and 
uptake mechanisms has clearly made it attractive for the evolution of bacte- 
rial pathogenic mechanisms. Rho proteins are also involved in transmission 



of signals, both from soluble growth factors that interact with the cell via 
G-protein coupled receptors and receptor tyrosine kinases, and from cell-cell 
contact mechanisms. Thus, toxins that attack Rho can produce many differ- 
ent cellular effects. While conventional toxins that target Rho either activate 
or inactivate its function, some type III delivered effectors act to mimic the 
function of normal cellular regulators such as Rho GEFs. These latter toxins 
transiently activate signalling and thus can induce more subtle subversion of 
signalling. 

Some toxins have recently been shown to affect regulation of the cell 
cycle and the linked process of apoptosis. In this case, however, much less is 
known about the molecular mechanisms involved. 

Despite over a century of work on bacterial toxins, in particular those 
encoded by the well-known major pathogens, new toxins are still being iden- 
tified. Indeed, new toxins are still being discovered from well-characterised 
bacteria, such as the recently described Cif effector from E. coli (Marches et al., 
2003). There remains a wealth of possibilities for the discovery of novel toxic 
activities, particularly from bacteria not viewed as mainstream pathogens or 
from bacteria not yet identified. In addition, homology searching of sequence 
data will identify toxins related to known toxins. As more completed bacterial 
genome sequences become available, homology searching is likely to lead to 
further identification of toxins. 

While many of these "new" toxins are likely to fall into existing categories 
of toxin action, it is also likely that new mechanisms will be discovered, both in 
terms of targets and the induced chemical modification. In a similar manner 
to the effector toxins found to act non-covalently on Rho, other bacterial 
effectors may act on other signalling components to mimic the action of 
natural eukaryotic effector molecules. Likewise, it is to be expected that other 
toxins will be identified that act as mitogens, using either a similar set of 
molecular targets as the Pasteurella multocida toxin (PMT) , or entirely different 
ones. There are also likely to be more toxins that target the machinery of the 
cell cycle. Such toxins are likely to be valuable tools for the analysis of cell 
function. 

Although the thrust of much recent research has been on the molecular 
mode of action of toxins, there is clearly a need to understand toxin action 
in vivo. Some toxins have been suggested to play no part in pathogenesis. 
One example is the dermonecrotic toxin of Bordetdla species. Mutants in 
this toxin were shown to display an identical LD50 to wild-type bacteria in a 
murine challenge model (Weiss and Goodwin, 1989). However, this toxin is 
highly conserved across all the Bordetdla species and is regulated by the bvg 
His-Asp phosphorelay system, and it thus seems unlikely that the bacteria 
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would have maintained the gene in this functional state if it did not confer 
an advantage. One recurrent difficulty is the choice of an animal system that 
is relevant to the human disease, and it may be that DNT has cellular effects 
that cannot be detected in a LD50 test. 

It is also possible that toxins will have distinctive effects on different cell 
types. For example, the stimulation of cellular signalling induced by PMT 
leads to mitogenicity in some cell types, but its primary effect on osteoblasts 
is to inhibit differentiation. Thus, although the molecular action of a toxin 
will be identical between cell types, the manner in which a particular cell 
integrates the induced signalling can lead to different cellular outcomes. 

As has been alluded to in various chapters in this book, several toxins 

display properties that would suggest that they might operate as tumour 

promoters. Both PMT and the E. coli toxin CNF exhibit such properties. 

At first sight, it would appear that the multinucleation and perturbation of a 

the cell cycle induced by CNF are unlikely to result in viable cells that could 

become transformed. However, a potentially important in vivo aspect of toxins = 

that has been largely ignored is that not all cells will be exposed to the same " 

o 
level of toxin in vivo. While some cells may experience a high concentration of * 

toxin, of the level frequently used experimentally in vitro, other cells may be n 

subjected to lower sub-maximal quantities of toxin. Such lower levels would v 

be expected to be less cytotoxic, but might still induce aberrant signalling and ~ 

could lead to long-term sequelae, such as tumour promotion. This is surely * 

an area that warrants futher attention. « 

Thus, we can safely predict that toxin research still has a considerable 

future and that further novel revelations regarding bacterial toxin action will 

be forthcoming in the years ahead. 
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